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Abstract

The goal of the present thesis is to construct embeddings of the N = 2 superconformal
vertex algebra, motivated by mirror symmetry, into the chiral de Rham complex, provi-
ded that we have solutions to the Killing spinor equations.

Our approach to the chiral de Rham complex is based on the universal construction by
Bressler and Heluani, which applies to any Courant algebroid over smooth manifolds. In
fact, the main results of this document are based on the approach to SUSY vertex alge-
bras studied by Heluani and Kac, and furthermore extend the techniques developed by
Heluani and Zabzine to obtain N = 2 superconformal structures on the chiral de Rham
complex. The Killing spinor equations we consider come from the approach to special ho-
lonomy based on Courant algebroids in generalized geometry, and they are inspired by
the physics of heterotic supergravity and string theory.

Our embeddings are constructed in two different set-ups. Firstly, for equivariant Courant
algebroids over homogeneous manifolds, where the construction reduces to an embedding
into the superaffinization of a quadratic Lie algebra, and the Killing spinor equations be-
come purely algebraic conditions that can be checked on explicit examples. Secondly, for
string Courant algebroids over complex manifolds, where these equations are equivalent
to the Hull-Strominger system, with origins in heterotic o-models studied by physicists.

The manuscript also includes several examples where our results apply. As an applicati-
on, we present the first examples of (0, 2) mirror symmetry on compact non-Kéhler com-
plex manifolds via the chiral de Rham complex. In fact, this thesis lays the ground to
Borisov’s vertex algebra approach to (0,2) mirror symmetry on non-Kéhler manifolds.






Resumen en Espanol

El objetivo de esta tesis es el de construir embeddings del algebra de vértices N = 2 su-
perconforme, motivada por la simetria espejo, en el complejo quiral de de Rham, siempre
que tengamos soluciones para las ecuaciones de los espinores de Killing.

Se ha seguido la construccion universal de Bressler y Heluani para construir el complejo
quiral de de Rham, que se aplica a algebroides de Courant arbitrarios sobre variedades di-
ferenciables. De hecho, los resultados principales de esta tesis estan basados en el enfo-
que de las dlgebras de vértices supersimétricas estudiado por Heluani y Kac, y extiende
las técnicas desarrolladas por Heluani y Zabzine para construir N = 2 estructuras super-
conformes en el complejo quiral de de Rham. Las ecuaciones de los espinores de Killing
consideradas provienen del enfoque de holonomia especial basado en los algebroides de
Courant en geometria generalizada, y estan inspiradas por la fisica de supergravedad he-
terdtica y la teoria de cuerdas.

Nuestros embeddings se construyen en dos situaciones diferentes. Primero, en algebroides
de Courant equivariantes sobre variedades homogéneas, donde la construccién se reduce
a embeddings de la superafinizacién de un dlgebra de Lie cuadratica, y las ecuaciones de
los espinores de Killing vienen dadas por condiciones puramente algebraicas que pueden
ser comprobadas en ejemplos explicitos. En segundo lugar, para algebroides de Courant
string sobre variedades complejas, donde estas ecuaciones son equivalentes al sistema de
Hull-Strominger, con origenes en los modelos ¢ heteréticos estudiados por los fisicos.

Este manuscrito también incluye una gran cantidad de ejemplos en los que se aplican es-
tos resultados. Como aplicacién, se presentan los primeros ejemplos de simetria espejo de
tipo (0, 2) en variedades complejas compactas no Kéhler a través del complejo quiral de
de Rham. De hecho, esta tesis sienta las bases del enfoque de dlgebras de vértices intro-
ducido por Borisov para la simetria espejo de tipo (0,2) en variedades no Kéhler.






Introduction

Vertex algebras provide a surprising bridge between physics and mathematics. On the
physical side, they provide a rigorous definition of the chiral part of a 2-dimensional con-
formal field theory. Indeed, there exists a natural class of operators, called vertex opera-
tors, arising from field insertions at points (that is, vertices) and depending holomor-
phically on the position. The product of these operators admit power series expansions
when insertions collide, which satisfy the relations specified in the definition of a vertex
algebra. On the mathematical side, vertex algebras were formulated by Borcherds [9] to
prove the Monstruous Moonshine Conjecture [10], and they have played an important
role in many areas of mathematics, such as representation theory of Kac-Moody algebras,
where they were originally discovered in mathematics [29] 67]. In the recent years, ver-
tex algebras have had a strong impact in geometry, first by the construction of the chiral
de Rham complex by Malikov-Schechtmann-Vaintrob [73], and also by their applications
to mirror symmetry [12], and more recently to gauge theory [47, 59].

The central problem studied in this thesis is motivated by mirror symmetry, and consists
of finding appropriate geometric conditions under which the vertex algebra of global
sections of the chiral de Rham complex on a smooth manifold admits an embedding of
certain superconformal vertex algebras. Here, the chiral de Rham complex is understood
as a sheaf of vertex algebras that can be attached to any Courant algebroid, as shown
independently by Gorbounov, Malikov and Shechtman [44} 45, [46], and Beilinson and
Drinfeld [8], and more explicitly by Bressler and Heluani [15,53],[54]. The superconformal
vertex algebras we will use in this thesis are mainly N = 2 supersymmetric extensions of
the Virasoro algebra, while the geometric conditions are inspired by the Killing spinor
equations in supergravity.

The original construction of the chiral de Rham complex in [73] was carried out locally,
gluing the so-called ghost system over coordinate patches, and corresponds to the stan-
dard Courant algebroid. The name of chiral de Rham complex was adopted because it
carries a grading and a differential such that it is quasisomorphic to the usual de Rham
complex. In this seminal work, it was shown that for Calabi-Yau manifolds, the vertex
algebra of global sections of the chiral de Rham complex admits an embedding of the
N = 2 superconformal vertex algebra. Inspired by this work, many other embeddings of
different algebras have been obtained in the chiral de Rham complex on special holono-
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my manifolds. This includes related N = 2 superconformal vertex algebra embeddings
for Kéhler manifolds [53], two commuting N = 2 superconformal vertex algebra embed-
dings for generalized Calabi-Yau metric manifolds [55], two commuting embeddings of
the Odake algebra [77] for Calabi-Yau threefolds [24], two commuting embeddings of the
Shatashvili-Vafa superconformal algebra [81] for holonomy G5 manifolds [80], etc. See
[56] for more information. Complete descriptions of the space of the global sections of the
chiral de Rham complex have been obtained in the special case of a K3 surface [84] [85],
and a compact Ricci-flat K&hler manifold [86].

Our embeddings are motivated by a conjectural extension of mirror symmetry to general
non-Kahler manifolds, a relatively new field of research which is capturing a lot of atten-
tion over the last years [I} 65 [79, ©90]. Since the works of Candelas, de la Ossa, Green,
Parkes [16], Witten [92], Strominger, Yau, Zaslow [88], and many other outstanding re-
searchers in the 90’s, the study of mirror symmetry became a highly studied topic in ma-
thematics. Originated by physics, this concept lead us to surprising and deep connections
between different areas of mathematics. So far, mirror symmetry was essentially bound
to K&hler-Calabi-Yau manifolds, in relation to type ITA and type IIB string theories.
There is another version of string theory, called heterotic, that is getting more attention
from the mathematical community, and a version of mirror symmetry for it, called (0, 2)
mirror symmetry, is expected to exist by the mathematical-physic community [74, [75].

A general way to approach mirror symmetry, as formulated geometrically by Borisov [13],
is via vertex algebras, following more closely the physics approach to mirror symmetry.
As proved by Borisov and Kauffman [I4], this is well-suited for understanding certain as-
pects of (0,2) mirror symmetry. The basic idea is to construct representations of N = 2
superconformal vertex algebras, associated to mirror spaces, and to relate them via an au-
tomorphism, called the mirror involution. A general recipe to find such representations
is via embeddings of the N = 2 superconformal vertex algebra into the chiral de Rham
complex, as mentioned earlier. While such embeddings are known to exist for the chiral
de Rham complex of (generalized) Calabi-Yau manifolds by the works of Heluani and
Zabzine [54, 55], until now nothing was known about the potential embeddings into the
chiral de Rham complex of heterotic analogues of Calabi-Yau manifolds. Results in this
direction, for the N = 1 superconformal vertex algebra, can be found in the physics lite-
rature in the works of de la Ossa, Fiset and Galdeano [21] 28], 33].

In the present thesis we give a precise answer to this problem, providing, in much genera-
lity, embedded N = 2 superconformal vertex algebras into the chiral de Rham complex
of a string Courant algebroid over a complex manifold, carrying solutions to the Killing
spinor equations. In this set-up, these equations are equivalent to the Hull-Strominger
system, which describes supersymmetric compactifications of the heterotic string theory.
Furthermore, in the special case of homogeneous Hopf surfaces, we can use these embed-
dings to obtain the first examples of (0, 2) mirror symmetry on compact non-Kéhler com-
plex manifolds.




Introduction

SUSY Vertex Algebras

In the standard approach (see Deﬁnition, a vertex algebra consists of a vector spa-
ce V (space of states), endowed with a non-zero vector |0) € V' (the vacuum), an endo-
morphism 7': V' — V (infinitesimal translation operator), and an injective linear map gi-
ven by Y: V — (End V)[[2%]] (state-field correspondence) mapping vectors into fields.
By a field, we mean a formal sum

A(z) :=Y(a,z) = Z z_l_"a(n), fora eV,
neZ

in an indeterminate z, with Fourier modes a,) € End V, such that Y (a, 2)(b) is a formal
Laurent series for each b € V', so that the operator product expansions are finite sums of

the form (ab)(w)
amb)(w
A(Z)B(w) ~ Z (Z(—)W’ for a,b S V.
neN
This data should satisfy several conditions called vacuum axioms, translation invariance,
and locality. One is often interested in vertex algebras that are conformal, that is, they
carry a so-called conformal vector v € V', so the Fourier modes of the corresponding field

Y(v,z) = L(z) = Z 2L,
nez

satisfy the Virasoro commutation relations

3
m- —m

¢,

where ¢ € C is the central charge, L_1 =T, and the operator Lg is diagonalizable on V/,
with eigenvalues bounded below. More precisely, we have the following identity

[Lo,Y (a,2)] = (Aq + 205) Y(a,z), foracV,

where A, € C is the conformal weight of a € V.

Sometimes a vertex algebra admits an enhancement of translation symmetry, which is
called supersymmetry, given by an odd linear map S: V — V (supersymmetry genera-
tor) such that S? = T, or even an enhancement of conformal symmetry, which is given
by a superconformal vector T such that the field

Y(r,2) =G(z) = Z TG,
nes+7
satisfy the (extra) Neveu-Schwarz commutation relations

(G, L] = (m - g) Gumins |Gy Gl = 2Lman + % <mz _ > 5.

7
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and v = 1/2G_; /5 (7) recovers the conformal vector with central charge c. This is called
the N = 1 superconformal vertex algebra, since the Neveu-Schwarz is the simplest among
the superconformal vertex algebras [26].

The previous situation motivates the notion of supersymmetric vertex algebras, given as
follows. We will work with Zs-graded vector spaces, simply called vector superspaces, and
we will use the approach to SUSY wvertex algebras in terms of superfields developed by
Heluani-Kac [52]. In this approach, we define the superfields

Y(a,z;0) =Y(a,z)+0Y(Sa,z) = Z z_l_”el_‘]a(nu)7 foraeV,
ne”Z
Je{0,1}

where 0 is an odd Grassmannian indeterminate, commuting with z and anticommuting
with S, so #2 = 0 and 0z = 20. In [52], two equivalent formulations of SUSY vertex
algebras are considered. We recall the one that will be important for the present work.
This is a SUSY version of a reformulation, studied by Bakalov-Kac [3], of the notion of
vertex algebra. Since S? = T, then V is a supermodule over the translation algebra H,
defined as the associative superalgebra with an odd generator S, an even generator T,
and the relation S? = T. This superalgebra can be identified with the parameter algebra,
that is, the associative superalgebra £ with an odd generator y, an even generator A\, and
the relation y> = —\. Then, we can introduce the A-bracket, and the normally ordered
product as the bilinear maps defined by

)\nXJ
[apnd] = Z Ta(nlJ)b’ rab = a_qyb, fora,beV,
neN
Je{0,1}
respectively. The properties of the first operation motivates the definition of SUSY Lie
conformal algebra (see Definition [2.3.1]), while adding the data given by the second one,
we obtain the notion of SUSY vertex algebra (see Theorem [2.3.6]).

Next, we will describe an example of SUSY vertex algebra that plays a fundamental role
in this thesis. The N = 2 superconformal vertex algebra of central charge ¢ € C is gene-
rated by the SUSY Lie conformal algebra, whose underlying H-module is freely genera-
ted by two superfields, namely an odd vector H (the Neveu-Schwarz generator), an even
vector J (usually known as a current), and a scalar ¢, with non-zero A-brackets given

by

XA?
[H\H] = (2T + xS+ 3\)H + TC’
and \
[JAd] = — (H—l— 3XC> . [HAJ] = 2T + 2\ + xS)J.

One of the main problems of the present thesis is to construct embeddings from the N = 2
superconformal vertex algebras into a SUSY vertex algebra naturally associated to any

8
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quadratic Lie algebras (that is, Lie algebras with a symmetric and invariant pairing),
called the superaffinization of quadratic Lie algebras. Given (g, (+|-)) a finite-dimensional
quadratic Lie algebra and k € C, let IIg be the corresponding purely odd vector super-
space. The universal superaffine vertex algebra with level k associated to g is the SUSY
vertex algebra Vslflper (g) generated by the supercurrent algebra, which is the H-module

freely generated by IlIg and the level k, with non-zero A-brackets given by
[MlapIlb] = II [a, b] 4+ xk (alb), for a,b € g.

The first embeddings of this type were given by Getzler [43], starting with a Manin triple
satisfying the technical algebraic condition . Our embeddings in T heorem and
Theorem [10.1.8|generalizes Getzler’s construction, and, furthermore, provide a geometric
meaning to Getzler’s technical algebraic condition. Moreover, these embeddings reduce
to the well-known Kac-Todorov construction [60] under appropriate conditions (see Coro-
lary. The new input for the constructions of these embeddings is a solution of the
Killing spinor equations on the quadratic Lie algebra. These equations can be regarded
as purely algebraic conditions on real quadratic Lie algebras (see Chapter , but in fact
they come from geometry and physics, specifically from the approach to special holonomy
based on generalized geometry on Courant algebroids [57].

The Killing Spinor Equations

Let M be a 2n-dimensional spin manifold, and K a compact Lie group. Consider a princi-
pal K-bundle P — M. For any principal connection A on P, we denote its curvature by
Fy € Q%(M,ad P). Now, given H € Q3(M) and g a Riemannian structure, we define the
connections

V=V 4 %g’lﬂ, Vi =V 4 ég’lH,

where V9 is the Levi-Civita connection of g. The data (g, H, ¢, A,n), where ¢ € QY(M)
and 7 is a spinor on (T'M, g), is a solution of the Killing spinor equations on M [35] if

1
Fa-n=0, V'.n=0, (W“ﬂo)-nzo-

When ¢ is exact, these equations are equivalent in low dimensions to the Killing spinor
equations in a compactification of the ten-dimensional heterotic supergravity [27, 30].

Let M be a complex manifold with vanishing first Chern class, and suppose that K is
endowed with (-,-) : £ x £ — R a bi-invariant non-degenerate pairing. In this situation,
the Killing spinor equations are related to the Hull-Strominger system [39, 58, 87] when
suplemented with the so-called Bianchi identity

dH+<FAAFA>:0.

To see this, note that a solution for the Killing spinor equations with ¢ exact that solves
the Bianchi identity gives rise to a solution of the Hull-Strominger system. More gene-

9
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rally, when ¢ is closed, we find the twisted Hull-Strominger system, as defined in [39]. We
say that a triple (¥, w, A), given by an SU(n)-structure (¥, w) on M, is a solution to the
twisted Hull-Strominger system if

Fy*=0, FaAw" =0,
AV — 0, ANV =0,

b, =0,

ddcw—<FA/\FA) = 0.

When K = {1} (so, F4 = 0), we obtain the twisted Calabi- Yau equations

AU — 9, AT =0,
do, =0,
dd®w = 0.

The Killing spinor equations jointly with the Bianchi identity admit a universal formula-
tion in terms of Courant algebroids [36], which is important for the present work. To see
this, recall that a Courant algebroid is given by a vector bundle £ — M together with a
non-degenerate symmetric bilinear form (-, -) and the Dorfman bracket [, -] on I'( F), with
a bundle map m: E — TM (the anchor) satisfying certain axioms (see Definition [6.1.1]).
In particular, we obtain a map D: C*°(M) — I'(F) combining 7, the de Rham exterior
differential d of M and the pairing (-, -). In this set-up, the Killing spinor equations have
unknowns given by a Riemannian generalized metric £ = Cy & C_, a divergence opera-
tor div: I'(E) — C°°(M), and a spinor 7 (see Definition[6.2.15)). They are formulated in

terms of natural operators D' and lD+ associated to C; and div, and read as follows:
Dtp=0, DPp=o0. (1)

The relation to the twisted Hull-Strominger system above arises when one considers the
so-called string Courant algebroid over M (see Proposition associated to a solution
of the Bianchi identity [4} 34], that is, the data (Eg a, (,-),[:,"]j 4, 7T), where we have
Ega=TM&adP&T*M and, for X +7+C,Y +t+n€ Ega,

[X—l—’r‘—l—(,Y—i—t—i—n]H’A: [X,Y]—I—LXn—LydC—i-Lybe
— FA(X,Y)+2(xFa,t) =2y Fa,r)
+2<d‘4r,t> —i—d%t — df}r —[rt],
1
(X +r+¢Y +t+m) =5 0(X)+((Y)) + (),
T E—TM, n(X+r+()=2X.

When the Bianchi identity is suplemented by the Killing spinor equations with dy = 0,
the string Courant algebroid Fy 4 is endowed with a solution of . As a matter of fact,
the formulation of the Killing spinor equations on Courant algebroids provides an unify-
ing framework for metrics with special holonomy, solutions to the Hull-Strominger sys-
tem, and other interesting canonical geometries.

10
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Embedding Superconformal Vertex Algebras

Surprisingly, the formulation of the Killing spinor equations on Courant algebroids makes
sense and has non-trivial solutions for real quadratic Lie algebras, where the Killing spin-
or equations become purely algebraic conditions. To find these algebraic conditions, we
must suppose that the rank of the generalized metric V. is even. Then, the Killing spinor
equations are described in terms of natural conditions for a decomposition

g°=g0C=(V; C)a(V.®C)=Ilele(V-cC),

and a divergence € € 1 @1, where [,] C g° are complex isotropic subspaces and we have
that V. ® C = (I ®1)*. The resulting conditions

=

dim!
e, €] = €7 — &1 (2)
1

Lact [Lct

DN |
.
Il

make sense over an arbitrary closed field C, where ¢; € [,€; € [ for j € {1,...,dim{}
defines an isotropic basis of V; ® C. In this generality, we can state our first results. Let
e; = Ile;, e/ =1I€;, and consider the bilinear map [, -] : IIg x IIg — Ilg given by

[Ma,IIb] :== 1T ]a,b], for a,b e g°.
Firstly, in Theorem [10.1.5] we obtain the following embedding.

Theorem 1. Let (g, (-|-)) be a complex quadratic Lie algebra. Assume that (l DI, E), with
I,ICgande€l®l, satisfy , and that

et N[ . (3)
Then, the vectors
i dim! '
JD :E Z : €J€j 0
j=1
1 dim! ' ' 9 1 dim! '
H' =z Z (ej (Se?) 4 : ¢ (Sej):) + %TH&r + e Z <: ej:ef (€7, ex] =
j=1 k=1
+:¢l ey [ej,ek} t—rejieg [ej,ek} el el lej, ex] ::),

induce an embedding of the N = 2 superconformal vertex algebra with central charge
co = 3dim! into the universal superaffine vertex algebra Vslflper (g) with level 0 # k € C.

Furthermore, in Theorem [10.1.8] we construct a “dilaton correction” of the previous em-
bedding as follows. For this, we require that ¢ € 1@ is holomorphic (see Definition |7.2.3)),
which is the geometric version of , first appearing in Getzler’s construction.

11
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Theorem 2. Let (g, (-|-)) be a complex quadratic Lie algebra. Assume that (I ® 1, €), with
ILICgande cl®l, satisfy , and that € € 1 ® 1 is holomorphic. Then, the vectors

dim

J :Jo - 2Ei Z [ej,ej] s
Jj=1
;2
H=H - ZTle,,

k

induce an embedding of the N = 2 superconformal vertex algebra with central charge
i 4
c=3 <d1ml + Z (€|5)> e C,

into the universal superaffine vertex algebra VE (@) with level 0 # k € C.

super

These two results can be applied to the geometric situation, where one has an equivariant
Courant algebroid E over a homogeneous manifold (see Proposition. This allows
us to obtain two different embeddings of the N = 2 superconformal vertex algebra in the
vertex algebra of the global sections of the chiral de Rham complex of E. In this thesis,
we will follow the construction by Bressler and Heluani of the chiral de Rham complex
associated to any Courant algebroid F (see Theorem. This is a sheaf QCEh of SUSY
vertex algebras generated by the SUSY Lie conformal algebra, whose underlying H-mo-
dule is R =C*(M) & (I'(IIF) ® H), with non-zero A-brackets given by

Hap f] = (IIDf,a), [Ilapllb] =1I{a,b] + 2x (a,b), fora,beI'(E),feC®(M).

We next turn to consider Killing spinors with closed divergence on a string Courant alge-
broid £ = E 4. For this, we assume that the base manifold is even-dimensional, and we
describe the twisted Hull-Strominger system above in terms of a decomposition

E@rC=(C1@rC)® (C_2rC)="(al® (C_2rC),

where £,¢ C E@gC are complex isotropic subbundles, and C_ @gC = (/@¢)*. The resul-
ting conditions

(e, ce, [6,0] C,

lm
E 6]7 6] - ¥,

where ¢ € QI(M ) is minus the Lee form, make sense over any Courant algebroid, where
ej € l,€; € Lfor j € {1,...,dim ¢} defines an isotropic local frame of C'; ®g C such that

I\D\)—l

lej,ex) =0, forj,ke{l,...,dim/¢}.
Now, we introduce the torsion bi-vector, which is canonically associated to any hermitian
structure (see Section [5.3)). In holomorphic coordinates, this is given by

dim £

0,2
o Z [g‘ldzk, (97 '@g™h) <L866w>:| e[ (AT M).

k=1 “k

12
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In this generality, we state Theorem [10.1.19], writing e; = Il¢;, el = ITe;, and defining
[Ia,I1b] :=1[a,b], fora,bel (F®rC).

Theorem 3. Let (V,w, A) be a solution of the twisted Hull-Strominger system. Consider
the string Courant algebroid E_ge,, 4, endowed with the associated decomposition

CLrC=1066 /
for the generalized metric Cy C E_gey, o, and o = —0, € T'(E_gey, 4). Let {ej,Ej}?i:n}e
be the frames defined by (6.18) using the atlas given in Lemma . Then, the sections

. dim/

J :% Z :ejej : =Sillp,
j=1

dim ¢ dim £
1

Hzi Z (: ¢ (Sej) :+ el (Sej) :)+1 Z (: ej:er [ej,ek] $

=1 jk=1

+:¢l ey [ej,ek} t—tejeg [ej,ek} el el e, ex] ::) + Ty,

are global. Furthermore, if the torsion bi-vector vanishes identically, then these sections
induce an embedding of the N = 2 superconformal vertex algebra with ¢ = 3dim/¢ € C
into the space of global sections of the chiral de Rham complex Q%ﬁd% L ®2C

When K = {1}, we can study what happens for a pair of solutions for the Killing spinor
equations, that is, if we have solutions in both C; and C_. We expect that this cons-
truction is related with the one given by Heluani-Zabzine [55]. For quadratic Lie alge-
bras, we obtain two A-commuting embeddings in Theorem and Theorem [10.2.4]
along with honest N = 2 superconformal vertex algebra structures (see Theorem .

The stated embeddings are the main results of this thesis. We should emphasize that the
three results are independent, so each one induce, a priori, different embeddings of the
N = 2 superconformal vertex algebra in examples. In particular, we obtain embeddings
for some explicit cases: compact complex surfaces (see Proposition , the Iwasawa
manifold (see Proposition and Proposition , and the Calabi-Yau 3-fold
introduced in [78] (see Proposition . Actually, in the Hopf surface, we obtain up
to three different embeddings of the N = 2 superconformal vertex algebra (see Proposi-

tion|11.1.3] and Proposition|11.1.7)). Moreover, applying Theorem [10.1.5(to the Hopf sur-

face, we extend these constructions to an embedding of the N = 4 superconformal vertex
algebra into the superaffine vertex algebra (see Subsection and Proposition|11.1.22)).

Finally, in Section[11.2} we apply Theorem[10.1.8|to obtain the first examples of (0, 2) mi-
rror symmetry on compact non-Kéhler complex manifolds via the chiral de Rham com-
plex, following Borisov [13]. We require that the geometric data is homogeneous, so that
the construction of the mirror symmetry involution is reduced to the study of the Killing

13
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spinor equations on quadratic Lie algebras, to the construction of N = 2 superconfor-
mal vertex algebra embeddings, and to T-duality applied to the Killing spinor equations.
The obtained examples of (0, 2) mirrors are given by pairs of Hopf surfaces endowed with
a Bismut-flat pluriclosed metric (see Theorem [I1.2.5).

Organization of the Thesis

The thesis is divided in four parts.

Part [l is a brief summary of SUSY vertex algebras. Chapter [I] and Chapter [2| contain
the background on (SUSY) vertex algebras, including the canonical examples we are go-
ing to work with. The main references for this study are [52, [63]. Chapter [3|reviews the
previously well-known embeddings of superconformal vertex algebras, the ones construc-
ted by Segal-Sugawara [89], Kac-Todorov [60] and Getzler [43].

Part [[T]is a brief account of geometric structures and Killing spinors. Chapter [4] contains
some basic notions about G-structures and spin geometry. Chapter[§is devoted to Killing
spinors on spin manifolds, and the F-term and D-term conditions. Here (see Section,
we also introduce a new tensor, called the torsion bi-vector, which will be fundamental
to construct the last embedding in Part [T} Chapter [6]is devoted to the study of Killing
spinors on Courant algebroids [36], their relation to the Hull-Strominger system, and the
links with the F-term and D-term conditions introduced in previous chapter. Chapter [7]
contains a complete study of Killing spinors on real quadratic Lie algebras [2]. Chapter
includes a summary of generalized Kéhler geometry that will be used in Section [9.2

Part [[T])is devoted to the interplay between vertex algebras and Killing spinors. Chapter
[9] contains a brief account of several constructions of the chiral de Rham complex and a
quick presentation of two embeddings, constructed by Heluani and Zabzine, of supercon-
formal vertex algebras in the space of global sections of the chiral de Rham complex [55].
Chapter [I0] contains the main results of this thesis about embeddings of superconformal
vertex algebras. Concretely, there are constructed three new embeddings of the N = 2
superconformal vertex algebra. This chapter also includes some conjectures related with
the presented constructions. Chapter [11|is devoted to applications of these embeddings,
namely the construction of some explicit geometric examples and (0, 2) mirror symmetry
on Hopf surfaces.

Finally, part[[V]contains the most technical aspects to make the reading fluent. This con-
sists of three appendices, respectively devoted to the explanation of some basic identities
for (SUSY) Lie conformal algebras and (SUSY) vertex algebras, the technical calculati-
ons used in the main computations of (SUSY) vertex algebras, and the proof of Theorem
which contains all the principal technical computations from where we deduce the
three results stated before (all these are collected in Theorem Theorem
and Theorem in the main text), which are the main results of the present thesis.
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Vertex algebras
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Chapter 1

Basics on Vertex Algebras

The goal of this chapter is summarize basic aspects of the theory of vertex algebras. The
main examples are in Section[1.4] Here, the adjective “super” applied to vector spaces V,
algebras A, modules R, etc. will always mean Z/2Z-graded. We will omit it sometimes.

1.1 Standard Definition of Vertex Algebras

The most basic structure of a vertex algebra is given by a vector space V', called the space
of states, a non-vanishing vacuum vector |0) € V, and the state-field correspondence,
which is a linear map from V' to endomorphism-valued bilateral series. This will be called
the standard definition. Firstly, we need some background in formal distributions.

1.1.1 Formal Distributions and Quantum Fields

We will always work with vector superspaces in order to include bosons (even elements,
with parity 0) and fermions (odd elements, with parity 1). So, we have a vector space
decomposed in direct sum of two subspaces V = Vj @ Vi, and we shall say that a
homogeneous vector v € V has parity |v| € {0,1} if v € V},|. All computations involving
parities are modulo 2. When this term appears, we will understand that all vectors are
homogeneous. In addition, all formulas involving parities are only valid for those vectors.
So, for the rest of elements, we will extend them by linearity (or other properties we are
trying to preserve) in terms of the homogeneous components of that element. Moreover,
when we consider bilinear forms on vector superspaces, we will understand that all of
them are consistent. That is, they are zero on Vy x Vi and Vi x V4. Finally, when we
speak about superdimension of a vector superspace, we mean sdim V' := dim V) —dim V.

Example 1.1.1 (Superendomorphisms). Let V be a vector superspace. Then, we can
endow End(V) with a vector superspace structure by setting

End(V)y :={M € End(V) | MV3 C Vyyp, for B € Zo}, for a € Zs.

17
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If V is finite-dimensional, for each M € End(V'), we can take a decomposition such that

M= (é g) - (%%) + <%> € End(V)o ® End(V),.

The supertrace of M is defined by str(M) := tr(A) — tr(D).

Example 1.1.2 (Lie Superalgebras). Let a be a vector superspace. We say that a is
a superalgebra if it is endowed with a Zso-graded compatible product -: a x a — a. This
means that if a,b € a are two homogeneous elements, then a-b € ajy4p. If the product
- is associative, we can define a compatible commutator, the supercommutator, by

[,]: axa — a
(a,b) +— [a,b]:=a-b— (=1)llblp.q

This is a compatible product (in the sense of Lie algebras), so it satisfies the following:
(1) The antisymmetry axiom

[a,b] = — (=Dl b, a],  for a,b € a. (1.1)

(2) The Jacobi identity axiom

[a, [b,¢]] = [[a, 0], ] + (=)l [b, [a, )], for a,b,c € a. (1.2)

This product is known as the superbracket, and motivates the notion of Lie superalgebra,
which is a vector superspace endowed with a superbracket satisfying (1.1)) and (1.2]).

To introduce quantum fields, we need some background on formal distributions. Let V be
a vector superspace. Then, we say that a V-valued formal distribution in the indeter-
minates z1,..., 2, is a formal expression of the form

_ 11 02 i
A(z1,22,- .y 2n) = g g g Wiy igonrin 21 25 20,

11E€EZLi2€EL in€Z

rn
distributions in 21,29 ..., z,. It admits a natural vector superspace structure, since the

parity of homogeneous formal distributions is determined by each coefficient.

where a;, i,,..i, € V. We denote by V Hzfﬂ, zQﬂ, . zﬂH the set of all V-valued formal

Remark 1.1.3. Let g be a Lie superalgebra. Considering
A(z) = Zanz" €g [[zﬂ]] , B(w)= Z bpw™ € g [[wﬂ]] ,
nez meZ
it is possible to introduce formally the superbracket
[A(2), Bw)] == D" [an, bm] z"w™ € g [, w*]] .
n,me”L

This one satisfies both properties (1.1)) and ([1.2)) formally, however it does not induce a
Lie superbracket since this is defined for formal distributions in different indeterminates.

18
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We say that a V-valued Laurent polynomial in the indeterminates 21, ..., 2z, is a formal
distribution in which almost every coeflicient is zero. So, these are expressions

11 12 %
A(Zla'Z?""v E E : E Qiy fin,.yinP1 72 "7 2"

i1=—Mj ioa=—M> in=—DMy

where My, ..., M, < co. We denote by V' [zfd, ey z,jfl} the set of all V-valued Laurent

polynomials in indeterminates z1, . .., z,. It is a subsuperspace of V' H fcl zéﬁl, el szl]]
Remark 1.1.4. For any superalgebra A, the set A [zlﬂ zzﬂ, Y o ] has structure of

superalgebra. Moreover, the product between any A-valued Laurent polynomial and any
A-valued formal distribution is always a well-defined A-valued formal distribution.

We will restrict to the case of one indeterminate, that is, we will focus on V-valued
formal distributions of the form

= Zanz" eV Hzil]] . (1.3)
nez

We say that a V-valued Laurent series in the indeterminate z is a formal distribution in
which almost every coeflicient with negative powers is zero. Hence, these are expressions

o0
= Z anz", (1.4)
n=—M

where M < oco. We denote by V' ((2)) the set of V-valued Laurent series, and it is a vector
subsuperspace of V [[2%1]]. Moreover, it is satisfied that V [z1] C V ((2)) C V [[zF!]].

Remark 1.1.5. Given A superalgebra, then A ((z)) has structure of superalgebra.
Example 1.1.6 (Formal Taylor Series). The Laurent series
-T2 e
nEN

is called formal exponential, and it is a special type of Laurent series. Indeed, a V-valued
formal distribution of the form (1.4)) is called a Taylor series when M = 0. The set of all
V-valued Taylor series is denoted by V [[z]], and is a supersubspace of V' ((z)). Note that

V(=) = VI [e7].

We can introduce the formal derivative of A(z) with respect to z as

0:A(z) =Y (n+ Dans1z" € V [[z]],

neL

and the formal residue by the usual formula

Res, A(z) :=a_1 € V.
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It is easily seen that . is an (even) endomorphism over V [[2*!]] satisfying the Lebniz
rule, provided that we have a well-defined product, and Res,: V HzilH — V is a linear
application that sends even/odd formal distributions to even/odd vectors, for which

Res, (0,A(z) - B(z)) = —Res, (A(z) - 0,B(2))

follows by Leibniz rule and Res, (0,A(z)) = 0. We extend these notions to an arbitrary
number of indeterminates, since V' Hzfl, zQﬂ, e ,zﬁl]] = (V HzQﬂ, e ,zﬁl]]) Hzfl]] .

Now, note that a V-valued formal distribution A(z) of the form (|1.3) induces a V-valued
linear form over C [zil] setting the map

9A(z) C[zil] — V
P(z) — (P()|A(2)) = Res, (P() - A(2)) °

Notice that any V-valued linear form over C [zil] is obtained in a unique way as above.
Indeed, for the existence, given f: C [zil] — V any linear form, we define

A(z) := Zf (z'M eV Hzil]] .

neL

Then, f (2") = Res, (2™ A(z)) for n € Z. This motivates the definition of Fourier modes.
Given A(z) any V-valued formal distribution of the form (1.3)), its Fourier modes are

am) = Res, (2"A(z)) € V, forn € Z.

So, formal distributions admit an alternative expression, the one we will use from now,

A(z) = Z z_l_"a(n) eV [[zil]] . (1.5)

ne”L

We will write in the expressions above the Fourier modes after the indeterminates always,
for parity reasons that we will see in future chapters, and because these will be in general
endomorphisms. This is the case of (quantum) fields on V' that we are ready to introduce.

Definition 1.1.7. [63] We will say that an End(V)-valued formal distribution A(z) as
in (1.5)) is a (quantum) field on V if its Fourier modes satisfy, for each v € V fixed, that

am)(v) =0, for n>0.

The value of n depends on v € V. This is equivalent to the condition A(z)(v) € V ((2)),
for every v € V. The natural structure of vector superspace for End(V') implies that the
field A(2) has parity |A| € {0,1} if a(,) (V) € Viaya for @ € {0,1} and n € Z. The set of
fields on V' is denoted by F(V'), and is clearly a vector subsuperspace of End(V) [[z%!]].

An endomorphism is parity-preserving when it is even, and otherwise, we will say that is
parity-reversing. These two notions are naturally extended to general linear and bilinear
maps. Indeed, we will say that f: V' x V' — W is parity-preserving if | f(a, b)| = |a|+b|
for a € V and b € V'. Otherwise, it is said that f as before is parity-reversing.
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1.1.2 The Notion of Locality

We will work with formal distributions in two indeterminates z and w in this section.
Complex rational functions may be expanded in several ways under certain convergence
domains. Analogously, we can do the same for formal rational expressions via the notion
of formal expansions. We will consider the algebra of rational expressions in V' with poles
only at z =0,w = 0 and z = w. Then, we can define the two homomorphisms

iz V [z w] [o7Hw ™ (2 = w) T — V((2)(w)),
twz: Vzowl] 7w (2 = w) T — V(()((2)),
via generalized Binomial expansions. For that, take another formal indeterminate x, and

now consider the algebra of formal rational expressions in V' with poles only at z = 0.
For r € Z, we define the next power series expansion in the domain |z| < 1 by

V-2 3 (1_1@ =3 (’" + : - 1>xk € V{[a]l.

keN

So, the two homomorphisms i,, . and i,, . above are defined using the linear extensions
in V of the formal rational functions as power series expansions in the domains |z| < |w|
and |w| < |z|, respectively. In particular,

, 1 o w\" 1 ) 1 Z\™
baw (z —w) c Z (Z) ) twe (z —w> - Z (E)
neN neN

Notice that the maps i, ,, and i, . commute with both 0, and 9,, partial derivatives.

Definition 1.1.8. [63] The delta formal distribution is

5o = ) i= (i i)

cC il’ +1 )
) el
The delta formal distribution can be seen as the algebraic abstraction of the usual Dirac’s
delta distribution (see, for example, [63 Proposition 2.1]). Indeed, for A(z) € V [[zil]],
the delta formal distribution is the unique formal distribution such that

Res, (A(z)6(z —w)) = A(w).

Now, by the universal property of the localizations

V [z, w]] = V((2))((w)) and V [[zaw]] V((w))((2))-
[

Moreover, the natural inclusions V((2))((w)), V((w))((2)) = V [[z*!,w*!]] induce

T / (K

£
Vil w]) [0 (2 w)” v [ wt]].
ﬂ
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The left-hand side subdiagrams are commutative, but the one in the right-hand side is

not, as shown by the delta formal distribution. Now, consider a V-valued formal distribu-

tion A(z,w), and suppose there exists f(z,w) € V [[z,w]] [z7},w™!, (z — w) '] such that

A(z,w) = (iz0 — twyz) f(z,w) €V Hzil,wﬂ]] .
Let N € N be such that P(z,w) := (z — w)" f(z,w) € V [[z,w]] [z7',w™']. Then,
i2wP(2,0) = iy, P(z,w) if and only if (z — w)N A(z,w) = 0.

Definition 1.1.9. [63] It is said that A(z,w) € V [[z*!, w®!]] is local when there exists
N4 > 0 such that
(z —w)N4A(z,w) = 0.

Theorem 1.1.10 ([63, Theorem 2.3] Decomposition Theorem). Consider the formal
distribution A(z,w) € V Hzﬂ, wﬂH . Then, A is local if and only if there exists Ny > 0

such that
Na—1

= > o,
where C™(w) € V Hwilﬂ are formal distributions given by
C™"(w) :=Res ((z —w)"A(z,w)), forne{0,1,...,N —1}.

Definition 1.1.11. [63] Let g be any Lie algebra. We will say that two g-valued formal
distributions A and B are mutually local if [A(2), B(w)] is local.

Remark 1.1.12 (The Positive n-products in Formal Distributions). Let g be a
Lie algebra, and consider A and B two g-valued mutually local formal distributions. The
Decomposition Theorem gives us new g-valued formal distributions

C™(w) = (Am)B) (w) := Res; ((z —w)" [A(z), B(w)]) € g Hwﬂ]] , forneN.
These are known as the positive n-products of A and B.

Let A be any superalgebra. Given A and B two A-valued formal distributions, we can
introduce a new A-valued formal distribution in two indeterminates as

: A(2) B(w) := A(2)+ B(w) + (=1)ABIB(w) A(2) - € A[[z*!,w!]],

where

2)4 = Zz "y, A(z)- = Z zfl*”a(n) cA Hzilﬂ .

n<0 neN

This new operation is very important in the case of fields, as we will see in a moment.
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Remark 1.1.13 (Normally Ordered Product and OPE). Let V be a vector space,
and consider the fields A and B. The normally ordered product of A and B is given by

B:) (2) = A(2)+ B(2) + ()P B(2) A(2) .

This is a well defined End(V')-valued formal distribution, and is again a field on V' (see,
for example, [63, Section 3.1]). Moreover, we introduce the negative j-products as

: (8214(2)) B(z) :

J!

(A(_l_j)B) (z) = € ]:(V), for j € N.

Thus, if A and B are mutually local, as a consequence of the Decomposition Theorem,

A(z)B(w) = :A(2)B(w) : + [A(z)-, B(w)] ,
= 1 A(z)Bw):+ Y (AwB) (w zZl”((z—w)”‘*‘l);
neN
(—D)AIBIBw)A(z) = :A(2)B(w): —[A(2)4, B(w)] X
= 1 A(2)B(w):+ Y (AuB) )iy, <(Z_w)n+1> .
neN

Here, abusing notation, we write the operator product expansion (OPE) of A and B by

(AmB) (w) 3 (A B) (w)

(z _ w)n+1 w)n+1 ’

A(z)B(w) =: A(2)B(w) : + »

(z
neN neN

The singular part of the OPE (positive n-products) encodes the information of brackets
between coefficients of A and B. Indeed, by the Decomposition Theorem, if a,), b(,,) and
(a(j)b) (k) AT€ the Fourier modes of A, B and A;)B, respectively, then

N

n
[a(n), b(m)] = Z ( ) (a(j)b) (i) ? for n,m € Z. (1.6)

=0 N
So, we omit the reqular part of the OPE. For j € Z it satisfies
(44 B) (w) = Res. ((A(2)B(w)iz — (~1) I Bw)A(2)in: ) (2 = w) ).
Then, 9, is an even derivation for the j-products, and ’A(j)B| = |A| + |B| for j € Z.

Remark 1.1.14. Notice that everything we have introduced above for all the positive
n-products make perfect sense for formal distributions on Lie algebras. In particular,
we can take the singular part of the OPE, and the formulas (1.6] still hold.

1.1.3 The Notion of Vertex Algebra

We are now ready to introduce the first definition of vertex algebra.
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Definition 1.1.15. [6] A vertex algebra is the data (V,]0),T,Y (-, 2)), where

e V =1V, @& V) is a vector superspace (space of states).
e |0) € V) is an even state (vacuum vector).
e T:V — V is an even endomorphism (infinitesimal translation operator).

e Y(-,2): V— F(V) is a parity-preserving linear map from a given state to a field
(state-field correspondence) given by

Y(a,z):= Zz_l_"a(n) e F(V), foraeV,
neL
that satisfy the following:

Axiom 1 (vacuum azioms) We have that T'|0) = 0, and Y (a, 2) (|0))|,_, = a, for a € V.
Axiom 2 (translation covariance axiom) For a € V', we have [T,Y (a, 2)] = 0.Y (a, 2).
Axiom 3 (locality aziom) The fields F = {Y (a,2) | a € V' } are mutually local. So, for
a,b € V, there exist N > 0, depending on the vectors a and b, such that
(Z - w)N [Y(CL, Z)v Y(b7 w)] = 0.

Remark 1.1.16 (j-products in Vertex Algebras). Given (V,|0),7,Y (-, z)) any ver-
tex algebra, we can introduce naturally the following parity-preserving bilinear maps

ag)b = a)(b) = Res, (27Y (a,2)(b)), for j € Z,
for any a,b € V, which are known as the j-products of the vertex algebra.

Remark 1.1.17 ([6], Homomorphisms, Subalgebras, Ideals, Quotients in VAs).
Let (V,]0),T,Y (-, z)) be a vertex algebra. We introduce the basic notions for algebraic
structures as usual. Indeed, the natural product operations are the j-products. We do
not need a separate notion for left and right ideals (see, for example, [63], Section 4.3]).

Proposition 1.1.18 ([22, Corollary 1.7] j-product identities). For (V,|0),T,Y (-, 2))
a vertex algebra, one has

Y (a(j)b, z) =Y (a, z)(j)Y(b, z), forj€Z;a,beV.

As a consequence,

Y(Ta,z)=0.Y(a,z) (1.7)
In particular, T is an even derivation for all the j-products.
Remark 1.1.19 (Normally Ordered Product in Vertex Algebras). It is seen that
the (—1)-product plays a special role in this theory. Indeed, for (V,|0),T,Y (-, z)) vertex
algebra, this is, roughly speaking, the product of the vertex algebra V' as an algebra,
and it is called the normally ordered product of V', and we will write : ab : for a,b € V. It

contains the information about all the negative j-products of V' thanks to (|1.7)). Indeed,
applying this inductively, we obtain that

T'n
: ( n(!a)> bi=a_1_pb, fora,beV;neN. (1.8)
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1.2 Bakalov-Kac Characterization of Vertex Algebras

We study now Bakalov-Kac’s characterization of vertex algebras from [3], which is the one
we will use for the computations in future chapters (see Chapter . For this, we need
to introduce the notion of Lie conformal algebras.

1.2.1 Lie Conformal Algebras

First, we consider the tensor catefgory of C [9]-modules. In particular, given R and P
two C [0]-modules, we have that 0 acts on R ®P via the Leibniz rule. In this context, we
can introduce the following interesting bracket (see [63, Equation 2.7.2]).

Definition 1.2.1. [63] A Lie conformal algebra is the data (R, [-):]), where
e R is a C[0]-module.
e [x]: R®R — C[A\]®R is a parity-preserving bilinear map, called the A-bracket,
where ) is an even formal parameter, satisfying

— Sesquilinearity: this is an equality in C[\] ® R. For a,b € R,

[0axb] = —X[axb], [ax0b] = (0 + A) [ard] . (1.9)
In particular, 0 is an even derivation for the A-bracket.

— Antisymmetry: this is an equality in C[\] ® R. For a,b € R,

laxb] = —(—1)/l¥l [b_y_ya]. (1.10)

— Jacobi identity: given y another even formal parameter, this is an equality in
CIN ®C[y] ® R. For a,b,c € R,

ax [buel) = [[axbly ] + (=11 o farel (1.11)

The meaning of these expressions are explained in Appendix

Remark 1.2.2 (Homomorphisms, Subalgebras, Ideals, Quotients in LCAs).
We can introduce the basic notions for algebraic structures as usual. Indeed, the natural
product operation is the A-bracket. Thanks to the antisymmetry axiom, we do not need
a separate notion for left and right ideals (see, for example, [63], Section 2.7]).

Example 1.2.3 ([63, Section 2.7]). Let R be a Lie conformal algebra, and define

[,]: R®R — R
(a,b) —  [a,b] := [a\b][\_o

It follows from sesquilinearity that OR C R is an ideal for this new product. Therefore,
defining g := R /IR, the previous product descends to a bilinear map g ® g — g. The
product [+, -] endows g with Lie superalgebra structure. This is the Lie algebra associated
to R. Now, let R = LR be the loop algebra of R. That is, the Lie conformal algebra of
loops R[t*!] (see [76] Section 2.6]) with associated derivation 9 := 9 @ Id; + Idg ® 9.
The Lie superalgebra associated to R is denoted by Lie (R), and it will be useful.
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Proposition 1.2.4 ([3 Lemma 5.1]). Let (V,|0),T,Y (-, 2)) be a vertex algebra. Then,
we obtain a Lie conformal algebra, with 0 = T and the A-bracket
)\TL
[axb] := Z Ha(n)b eC\N®V, forabelV.
neN

In particular, the A-bracket above is none other than the OPE of our vertex algebra.

1.2.2 Universal Enveloping Vertex Algebras

We will follow closely the construction explained in [22] Section 1.7]. Let (R,[-A‘]) be a
Lie conformal algebra, for which we construct g := Lie (R) a Lie algebra (see Example
. Notice that 0: R[t*'] — R[tT!] induces a Lie algebra derivation —0;: g —> g.
Then, we can construct canonically a vertex algebra. Consider the (—0;)-invariant Lie
subalgebra

g— = spanc {[at"] € Lie(R) | n € N} Cg.

Let U (g) be the universal enveloping Lie algebra of g. Then, the derivation —0; extends
uniquely to a derivation T of U (g), and T (C) = 0. Moreover, the centre Z (g) of g is
T-invariant. Now, we are ready to define the data (V,|0),T,Y (-, 2)) as follows:

e V=V(g,R) :=U(g)/U(g)g- is a left U (g)-module, where U (g) g— C U (g) is
the left ideal generated by the T-invariant Lie subalgebra g_ C g.

e |0) € V is the element induced by the identity 1 € U (g).
e 1:V — V is the derivation induced by T': U (g) — U (g).

e Y(,2): R — End(V)[[2%]] is a parity-preserving linear map defined, for a € R,
by
Y(a,z): vV — VI[[Z]
) = >z w([at] - b)
nez
where - is the product on U (g), and 7: U (g) — V is the canonical projection.
Theorem 1.2.5 (|22, Theorem 1.17] Existence Theorem). The data (V,|0),T,Y (-, 2))
gives a vertex algebra. In particular, the map Y (-, z) induces a state-field correspondence.

Definition 1.2.6. [22] The vertex algebra V (R) = V (g, R) above is called the universal
enveloping vertex algebra associated to the Lie conformal algebra R.

Remark 1.2.7. Let V denote the universal enveloping vertex algebra associated to the
pair (g, R), and consider a: Z (g) — C a linear map such that o (7' (Z (g))) = 0. Then,

1%(V) = spanc {(C = a(C))V [ C € Z(g)} SV

is a vertex algebra ideal, and we can introduce the quotient
Vv

12(V)’

which is going to play a fundamental role to construct our examples in a moment.

a .,
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Corolary 1.2.8 (|51, Theorem 14.6]). If R is a Lie conformal algebra, then there exists
a unique verter algebra V (R) satisfying the following universal property: any homo-
morphism ¢: R — V of Lie conformal algebras, where V is a vertex algebra, extends
uniquely to an homomorphism of vertex algebras g: V (R) — V making commutative

the diagram
V(R)

N
%

R

P
~

N

V.
Theorem 1.2.9 ([3, 22]). A vertex algebra is equivalent to the following data:
e A Lie conformal algebra (V,[-]), where V is a C[T]-module.

e A unital differential algebra ((V,]0),: - :),T) satisfying quasicommutativity and
quasiassociativity axioms, which are respectively given, for a,b,c € V, by

cab: — (=1l pg = /0 dX [ay)b], (1.12)
-T

cab:ic:i—:a:be = </0T d\ a> [ac]: +(—1)lellbl . (/OT dX b) [axd:. (1.13)

e The non-commutative Wick formula, a quasi-Letbniz rule, is satisfied, which relates
the A\-bracket [-\-] and the product : - :, for a,b,c € V, as follows:

A
[ax : be ] =: [axb] ¢ : +(=1) ;b layd] : +/0 du {[a,\b]uc} . (1.14)

The meaning of the integrals in these identities are explained in Appendiz[A.2

1.3 Conformal Vertex Algebras

Let (V,]0),T,Y (-, z)) be a vertex algebra.

Definition 1.3.1. [3] A diagonalizable operator H € End(V') will be called a Hamilto-
nian of V. The state-field correspondence Y (-, z) : V. — F(V) is graded by H if

[H,Y (a,2)] =Y (Ha,z) + 20,Y (a,z), foraelV.
If a € V is homogeneous of degree A, € C (that is, Ha = Aja), then
[H,Y (a,2)] = (Aqg + 20;) Y(a, 2).
In general, any field A(z) € End(V) [[2%!]] is said to have conformal weight A € C if
[H, A(2)] = (A + 20,) A(2). (1.15)

In these cases, we say that A(z) is an eigenfield for H of conformal weight A € C.
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Given A(z) eigenfield for H € End(V') Hamiltonian, we write, by (|1.15)),
Az)= > 2% a, e F(V), (1.16)
ne—A+7Z

if it is of conformal weight A € C. We can shift the subscripts in the coefficients, writing
an = Q(npa—1), for n € —A +7Z or, equivalently, a(,) = an—a+1, for n € Z.
Definition 1.3.2. [63] A conformal vector of V is v € Vj satisfying:

1. The field associated to v is a Virasoro field with central charge ¢ € C. That is,

Y(v,2):=L(z) = Y _ 2 > "L, € F(V), (1.17)
nez
where the coefficients L,, satisfy, for C' = ¢ Id constant field, the relations
m? —m

[Lim, Lp] = (m — n)Lyptn + 6,," D

C. (1.18)

2. The infinitesimal translation operator is T'= L_;.

3. The endomorphism L is diagonizable on V' by positive integer eigenvalues. So,

V=@V,

neL
where
VW = {0}ifn <0, and V" ={a €V | Ly(a) =na} if n e N.
Sometimes, it may happen that n € % + N as we will explain in Chapter
The number ¢ € C is called the central charge of v. A vertex algebra V endowed with a
conformal vector v is known with the name of conformal vertex algebra of rank c.
1.3.1 Virasoro Embeddings

Let (R, [-a-]) be a Lie conformal algebra, and fix L € R an even vector. In what follows,
we will embrace the characterization in Theorem [[.2.9] and take this as our definition of
vertex algebra. In particular, we will just give the underlying Lie conformal algebras.

Definition 1.3.3. [3] We say that a € R has weight A, € C with respect to L if
[Lya] = (0 + A\ a+ O (\?).

In these cases, we say that a is an eigenvector of weight A, with respect to L. Moreover,
we will say that a € R is a primary eigenvector of weight A, with respect to L if

[Lya] = (8 + Ag)) a.
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We say that R is Z-graded by L if we have a basis of primary eigenvectors with integer
weights with respect to L. We say that L is a Virasoro vector if

3
[LAL] = (0 +2\) L+ %C,

where C' € R is a central element. When L is a Virasoro vector, the weight of any element
with respect to L is called the conformal weight of such a vector (with respect to L).

As any vertex algebra is in particular a Lie conformal algebra by Proposition the
notions introduced above have perfect sense for vertex algebras.

Proposition 1.3.4 ([63, Corollary 4.10]). Given any vertex algebra (V,|0),T,Y (-, 2))
for which there exists an even vector v € V such that L(z) = Y (v, z) is the Virasoro

field, then, a € V' is an eigenvector of conformal weight A, € C with respect to L if and
only if Loa = Aqa, and L_1a = Ta.

Remark 1.3.5. The previous result can be modified to obtain something similar for
primary vectors. Indeed, in that case, the first identity is L,a = 02A,a for n € N.

Corolary 1.3.6. Let R be a Lie conformal algebra, and suppose that V(R) contains
a Virasoro vector L of central charge ¢ € C. Then, we have that (V(R),L) defines a
conformal vertex algebra of rank c if and only if we have a basis of eigenvectors of certain
conformal weight A € 7 with respect to L.

1.4 Examples of Conformal Vertex Algebras

We construct vertex algebras from Lie algebras. We will work with the underlying Lie
conformal algebra R, taking the quotient of V(R) by some ideal via Remark

1.4.1 Virasoro Vertex Algebra

The next example is taken from [6l 63, [64]. The Virasoro algebra is the Lie algebra g,
which is the unique non-trivial central extension 0 — CC' — g — A — 0 of the Witt
algebra A by C' central element. So,

A = Vect(D) := Dere (C [t*']) = C [t*'] 8,

where ) := Spec(C [til]) is the punctured line. Fix L,, := —t"*19,, for n € Z the basis,
for which we have the Lie brackets [L,,, Ly,] := (m — n)Ly4,. Then,

o

g = Vect(D) & CC
as vector space, with the non-zero commutators (1.18)). As a Lie conformal algebra, this
is Vir := (CL ® C[T) & CC, where L, C are even, with the non-zero A-bracket

[LAL] = (T +2\) L+ i;o. (1.19)
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Notice that Lie (Vir) = g. Applying the Existence Theorem, we obtain a vertex algebra
V (Vir), which is known as the universal Virasoro vertex algebra. Now, since C' is the
generator of the centre, we have a: Z (g) = CC — C a linear map as in Remark
So, denoting ¢ := «(C) € C as the central charge, we can take the quotient

V (Vir)
(C — )V (Vir)’
This is known as the universal Virasoro vertex algebra of central charge ¢ € C, and it is
seen that has conformal vertex algebra structure, since L_ |0) is a Virasoro vector.

Ve (Vir) :=

1.4.2 Affinization of quadratic Lie algebras

We will work in next two examples with (-,-) : V' x V' — C bilinear forms over V' vector
superspaces that can be symmetric and antisymmetric in this “super” sense. That is,

e we say that (-,-) is supersymmetric if (a,b) = (—=1)1%% (b, a) for a,b € V.
e we say that (-,-) is superantisymmetric if (a,b) = —(—1)1%%l (b, a) for a,b € V.

Definition 1.4.1. Let g be a Lie superalgebra and (+|-) : g x g — C a non-degenerate,
supersymmetric and invariant bilinear form. That is, it satisfies ([a,b]|c) = (a|[b,c]),
for a,b,c € g. The pair (g, (:|-)) is a quadratic Lie superalgebra.

The next example is taken from [0 [63], 64]. Let (g, (-|-)) be a finite-dimensional quadratic
Lie superalgebra. The affinization of g is a complex Lie superalgebra, which is the central
extension 0 — CK — g — Lg — 0 of the loop algebra of g via (-|-) by K central
element. Here, Lg is the Lie superalgebra of loops Lg := Map(ﬂo)), g) =9 [til] . Then,
g = Lg® CK as vector superspace, with the non-zero commutators

[at", bt™] = [a, b t"T™ +ndY,,, (ab) K, for a,b € g,n,m € Z. (1.20)

If g is simple, this is called the Kac-Moody affinization, and we have a unique non-trivial
central extension as above. In such cases, we can take hY € C* the dual Cozxeter number
of g (see [62), Section 6.1]). We can also include the supercommutative case for h¥ = 0.
As Lie conformal algebra, this is the current algebra Curg = (C[T] ® g) & CK, with the
non-zero A-brackets

[axb] = [a,b] + A (a|b) K, for a,b € g. (1.21)

Notice that Lie (Curg) = g. Applying the Existence Theorem, we obtain a vertex algebra
V (Curg), which is known as the universal affine vertex algebra. Now, since K is the gene-
rator of the centre, we have a: Z (g) = CK — C a linear map as in Remark So,
denoting k := «(K) as the level, we can take the quotient

V (Curg)
(K — k)V (Curg)”
This is known as the universal affine vertex algebra of level k € C. At last, we can prove
that it is possible to endow a conformal vertex algebra structure when g is simple or

supercommutative to the universal affine vertex algebra of level £ € C when we are not
at the critical level, which is k = —h". Finally, we can state the following result.

VF(g) =
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Theorem 1.4.2 ([89] The Sugawara Construction). If g is simple or supercommuta-
tive, and k # —h", then there exists an embedding V¢ (Vir) — V¥ (g), where the vectors
a € g are primary of conformal weight 1, and ¢ € C is given by

ksdimg
k)=——€C. 1.22
o) = (122

1.4.3 Clifford Affinization of vector superspaces

We follow [63] to introduce the next example. Let V' be a finite-dimensional vector space,
which is endowed with (-|-) : V' x V' — C a non-degenerate and superantisymmetric
bilinear form. The Clifford affinization of V' is a complex Lie superalgebra, which is the
central extension 0 — CK —» V —s LV —s 0 of the loop algebra of V (viewed as
an abelian Lie algebra) via (-|-) by K central element. Then, V = LV & CK as vector
space, with the non-zero commutators

[t t™) = 051" (ply) K, for 9 € V.n,m € Z.
As Lie conformal algebra, this is R = (C[T] ® V') @ CK, with the non-zero A-brackets

(o] = (plY) K, for p,9p € V.

Notice that Lie (R) = V. Applying the Existence Theorem, we obtain a vertex algebra
V(R), which is known as the universal superfermionic vertex algebra. Now, since K is the

~

generator of the centre, we have a: Z(V) = CK — C a linear map as in Remark
So, we can take the quotient

V(R)
(K -DV(R)

This is known as the free superfermions. Notice that we are taking level a(K) =k =1
because all the non-zero levels give isomorphic vertex algebras.

Theorem 1.4.3 ([51]). There ezists an embedding V¢ (Vir) — FF(V'), where vectors
€ g are primary of conformal weight 1/2, and ¢ € C is given by the formula
sdim V'

c(k) = 5 € C.

Note that the conformal weights are not integers. We will understand why that happens
in the next chapter. In such cases, we will work with reversed-parities. That is, consider
II: V — 11V the parity-reversing functor, which sends each element ¢ € V' to the same
vector, but with reversed parity. Repeating everything exactly as above, but using these
parity reversed vectors, we obtain the very same vertex algebra FF (V') as in the process
applied above. This is what it is always done in the literature when we obtain conformal
weights in Z 4 1/2. Mathematically, there is no difference in taking one or the other (at
least, in this moment). The reason comes from conformal field theory, since we use this
change of variable so that the obtained conformal weight A € Z + 1/2 matches with the
values that appear in the associated formal distributions written using the form .
So, from now, we will construct our examples keeping this in mind.

FF(V) :=
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Remark 1.4.4. We should be careful, since we will use V and IIV at the same time
in the formulas, and we must be able to distinguish which one is used on each moment.
For example, the bilinear form (-|-) : V' x V' — C is always defined over V. However, as
a vertex algebra, the underlying vector superspace is IIV. This distinction will be very
important to understand correctly the constructions in future chapters.

1.4.4 [(v-system or Symplectic Bosons

If Vo = {0} (so, IIV is even) in the Clifford affinization, we obtain a symplectic form on
V. So, this example is known as the symplectic bosons (see, for example, [56l 63] [73]).
For the usual property for symplectic forms, V' is even dimensional, that is, n = 2/N. So,
denoting by Vi the corresponding Lie conformal algebra, we can consider a symplectic
basis {3, 'yj}jzl,_,’N C V, and we obtain the non-zero A-brackets

[5{%] - </3]' ”yk> =k, forjke{l,...,N}. (1.23)

This is also known as the Bv-system. We can endow a conformal vertex algebra structure
to the 7y-system giving three different embeddings V¢(Vir) < V (V). Indeed,

N N
L{JW — Z (TH)HB LgV — _Z (TR :, LPY s i (Lf” + L?”) :
=1 j=1

P 2N, & 2N, A —N.
Moreover, the vectors 7/ for j € {1,..., N} are primary of conformal weights 0,1,1/2
with respect to Lfv, LQM, LAY, respectively; while the vectors 37 for j € {1,..., N} are
primary of conformal weights 1,0, 1/2 with respect to Lfv, Lgfy, LP7 | respectively.

1.4.5 bc-system

We follow [56, [73] to introduce the next example. Let V' be a totally odd 2N-dimensional
vector space, and consider (+]-) : V x V' — C a symmetric and non-degenerate bilinear
form. Fix {, cj}j:L_..7N C V a basis, where {bj}jzl,...,N and {cj}j:L.,,7N are dual with
respect to (-|-). So, denoting by Ay the Lie conformal algebra generated by this basis,
with the non-zero A\-brackets

Wiet] = (v ’ck> =k, forjke{l,...,N}. (1.24)

This is known as the be-system. We can endow a conformal vertex algebra structure to
the be-system giving three different embeddings V¢(Vir) < V (Ay). Indeed,

N N

L Y o (TV) s, L= ) (T :, L L (L + LY) ;
i=1 j=1

clfc — —2N, cgc — —2N, b N.

Moreover, the vectors b/ for j € {1,..., N} are primary of conformal weights 0,1,1/2
with respect to L3¢, L5, L¥¢, respectively; while the vectors ¢/ for j € {1,..., N} are
primary of conformal weights 1,0,1/2 with respect to L?C, Lgc, LY, respectively.
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Chapter 2

SUSY Vertex Algebras

Our next goal is to introduce Ng = 1 SUSY wverter algebras. The main reference for
that will be [52], where the authors studied Nx and Ny SUSY vertex algebras in the
most general case. Since we are just interested in the case of Nx = 1, we will drop this
qualifier, and we will study this construction from vertex algebras directly. Remember
that, for V' vector superspace, we denote by II: V' — IIV the parity-reversing functor
that sends each vector v € V' to the same one IIv € IIV, but with reversed parity.

2.1 Superconformal Vertex Algebras

Sometimes, conformal vertex algebras admit what is called a “supersymmetry”. We are
interested in studying such type of vertex algebras.

Definition 2.1.1. [52] Let (V,v) be a conformal vertex algebra of rank ¢ € C, where
Y(-,2): V— F(V) is the state-field correspondence. A superconformal vector of (V,v)
(remember that Y (v, z) :== L(z) € F(V) is the Virasoro field given in (1.17)) is an odd
element 7 € V; satisfying the following:

1. The field associated to 7 is a Neveu-Schwarz field with central charge ¢ € C. That
is,
Y(1,2) :=G(2) = Z zfgfnGn e F(V),
HE%+Z
where the coefficients L,,, G, satisfy the extra commutation relations

C 1
Gy, L] = (m - g) Gt Gy Gl = 2Lnn + = <m2 - 4) s (2.1)

for C = ¢ Id the constant field.

Define the odd endomorphism S := G_1: V — V. Notice that S? = T by (2.1)).

1
2

2. It is satisfied that ST = 2v.

The number ¢ € C is also called the central charge of 7. Any vertex algebra V endowed
with a superconformal vector 7 is called a superconformal vertex algebra of rank c.
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2.1.1 What is a Supersymmetry? From VAs to SUSY VAs

Roughly speaking, a supersymmetry can be introduced as a mathematical formalism for
describing a hypothetical relationship between bosons and fermions. In this set-up, a su-
persymmetry is just an odd endomorphism S: V' — V as in a superconformal vertex
algebras (see above). We will formalize this point of view using the structure theory of
vertex algebras explained in the previous chapter. Let (V| 7) be a superconformal vertex
algebra, with Y'(-,2): V. — F(V) the state-field correspondence. Note that by (1.6)),

$10)=G_1 [0) =0.

Furthermore, computing the supercommutator between S: V. — V and Y (a, z) for each
a € V, since G(z) has conformal weight 3/2, by (L.6)),

[S,Y (a,z)] = [G_%,Y(a, z)] =Y (G_%a, z) =Y (Sa,z), foraeV. (2.2)
Moreover, thanks to (1.7), we obtain the extra condition
[S,Y(Sa,z)] =15,Y(Sa,2)] =Y (Ta,z) =0.Y(a,z), foraecV. (2.3)

So, it is natural to introduce the following notion.

Definition 2.1.2. [5,52] A SUSY vertez algebra is the data (V,]0),S,Y (-, z)) as given in
Definition|1.1.15} but where instead of T': V' — V the infinitesimal translation operator,
we have S: V — V an odd endomorphism (supersymmetry generator), satisfying:

Al S|0) =0 and Y (a,z2)(]0))|,_, =a forac V.
A2 [S,Y(a,z)] =Y (Sa,z) and [S,Y (Sa,z)] = 0.Y (a,z) for a € V.
A3 The fields F = {Y(a,z) | a € V'} are mutually local.

The notion given above corresponds to N = 1 SUSY wvertex algebras, but we will omit
the qualifier N = 1 for simplicity, since we are not going to study the Nx > 1 case or
the Ny case (for more information about these cases, see [52]). Obviously, any SUSY
vertex algebra is going to be a vertex algebra defining 7 := S?. The advantage of using
this type of vertex algebras resides in that we can introduce a new formalism for which we
will be able to express certain equations for superconformal theories in a more compact
way. This is going to be really useful for our computations.

2.2 Superfield Formalism of SUSY Vertex Algebras

For V' a vector superspace, let § be a Grassmannian indeterminate (odd commuting with
z such that #2 = 0), and consider the pair Z = (2, 0) for z even indeterminate as usual.
We will denote

7 .= 2107, for j e Z;J € {0,1}.
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We say that a V-valued formal superdistribution in the indeterminates Z = (z,6) is an
element of the vector superspace V Hzil]] [0], given by

A(Z): Z Z 1 —ilt= Ta Gl = Zz Ja( |1)+922 Ja(ﬂo

JEL JEL
Je{o 1}

=: Al(z) + HA[)(Z),
where Ag and A; are usual formal distributions in 2. In particular, coefficients a; ;) € V
denote the Fourier supermodes of A for j € Z and J € {0,1}. We impose that these are
homogeneous elements of the vector superspace V' [[2%1]] [6], where |A| = |4;| = laginl,
while, since 6 is odd, |[A] = [Ag| + 1 = |ajj0)| + 1 for j € Z. We could introduce many
notions studied in previous chapters in the presence of Grassmannian indeterminates.
In particular, the superesidue of A € V [[2%1]] [6] as above is the parity-reversing linear

map given by
RQSZ A(Z) = CL(0|0) eV.

Moreover, if g is a Lie superalgebra, we define formally a bracket for A, B € g Hzilﬂ 0],
where Z = (z,0) and W = (w, ) are two pairs of different formal indeterminates, by

[A(2), BW)] = Y (-~ gy =k (g ]
J,kEZ
J,Ke{0,1}
Now, we say that A and B are mutually local if there exists N > 0 such that
(z —w)N [A(2), BW)] = 0. (2.4)

Let
5(Z - W) = (iz,w — iw.z) (Z — W)_1|1

be the delta superdistribution, where we have used the notation

(Z —WY = (2 —w—0) (0 —€)’, forjeZJe{0,1}.
As a consequence of the Decomposition Theorem, we have that is equivalent to
6JDJ95(Z W)

i i w),

[A(Z), B(W)] = Z (-1)7
o

where D, g := 0p + 60, (Die = 0,) is the odd action on formal superdistributions, and
CI (W) = (A1) B) (W) = Resz (2 - W) [A(2), BOW)))

are the (j|J)-products, for j € N and J € {0,1}. Now, given A a superalgebra, we define
the normally ordered product of A and B by

(: AB:)(2) == A (2)B(Z) + (-) AP B(2)A(Z)_.
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where
AZ)p = Yz ag,, AZ) 2= Y 27 e, € A [0).
o sEo

When the normally ordered product is well defined, we can introduce

: (%DiGA(Z)) B(Z) : |
(A(—l—j\l—J)B) (Z) = i , forjeN;Je {O, 1}

The normally ordered product of formal superdistributions is not well defined in general.
An End(V)-valued formal superdistribution A € End(V) [[2*!]] [0] is a superfield when,
forv € V,is A(,7)(v) = 0 for n>> 0 and J € {0,1}. We denote the vector superspace of

superfields on V' by Fsuper(V'). In the case of superfields, the normally ordered product
is a well-defined superfield, and for A, B € Fyper(V), j € Z and J € {0,1}, we have

(A B) (W) = Resz ((AZ) BV )iz — (~)AIBBOV) A2 ) (2~ W)

Then, D, ,, is an odd derivation for the (j|.J)-products, and |Ag; ) B| = |A|+|B|+J+1.
This formalization using even and odd indeterminates was studied by Barron in [5].

Theorem 2.2.1 ([5, 52]). A SUSY wvertex algebra is equivalent to the following data:

V =Vy @& V1 is a vector superspace.

|0) € Vp is an even state.

S:V — V is an odd endomorphism.

o Y(-,2): V. — Fouper(V) is a parity-preserving linear map, called state-superfield
correspondence, given by

Y(a,Z) = Z Z_l_jll_‘]a(ju) € Fouper(V), foraelV,
JEZ
Je{0,1}

where ajyy € End(V') for j € Z and J € {0,1} are the Fourier supermodes of the
superfield Y (a, Z), for each a € V', such that satisfy the following:

Aziom 1 We have that S|0) =0, and Y (a,Z) (]0))\220’0:0 =a, foraeV.

Axiom 2 For a € V, we have [S,Y (a,Z)] = (0g — 600.)Y (a, Z).

Aziom 3 The superfields F = {Y(a,Z) | a € V'} are mutually local. So, for a,b €V,
there exists N > 0, depending on the vectors a and b, such that

(z —w)N [Y(a, 2),Y (b,W)] = 0.
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Proof. Let (V,]0),5,Y(-,2)) be a SUSY vertex algebra as in Definition [2.1.2] Then, we
can introduce a superfield on V' by

Y(a,Z):=Y(a,z)+0Y(Sa,z) € Faper(V), foraeV.
Now, from and , since S and # are odd,
[S,Y(a,Z)] = (09 — 00,)Y(a,Z), foracV. (2.5)
Conversely, if (V,]0),S,Y (-, Z)) is a SUSY vertex algebra as above, we can define a field
Y(a,z):=Y(a,2;,0) € F(V), foraeV.

It is easily seen that (2.3]) and (2.2) are both satisfied by (2.5 O

Remark 2.2.2 ((j]|J)-products in SUSY Vertex Algebras). Given (V,0),S,Y (-, Z))
any SUSY vertex algebra, we can introduce naturally the following bilinear maps

a(ju)b = a(ju)(b) = Resz (Zj|JY(a, Z)(b)) , forjeZ;Je {0, 1},

for any a,b € V, which are known as the (j|J)-products of the SUSY vertex algebra. In
particular, we have that the (j|1)-products are the j-products of the underlying vertex
algebra, while the (j|0)-products are parity-reversing bilinear maps.

Remark 2.2.3. We will compare identity (2.5)) with the action of S in the superfields
to obtain an identity as in (1.7)). Indeed, note that D,y # 9p — 60,. So, instead of the
relation between T and 0, obtained in (super)fields, for S and D, s we obtain that

Y(Sa,Z)=D,pY(a,Z), foraecV. (2.6)
In particular, S is an odd derivation for all the (j|.J)-products.

Remark 2.2.4 (Normally Ordered Product in SUSY Vertex Algebras). Notice
that the (—1|1)-product is the normally ordered product of the underlying vertex algebra
V. We will use the same name and notation for SUSY vertex algebras, calling it the nor-
mally ordered product of V as SUSY vertex algebra. In this case, it contains the infor-
mation about all the (n|J)-products of V for n < 0 thanks to and as a conse-
quence of all we have mentioned. Indeed, it is easily seen that

YL J
. <i'(a)> bi=a1_pi—nb, fora,beVineN;Je{0,1}.

2.3 Heluani-Kac Characterization of SUSY VAs

Heluani and Kac introduced an alternative notion for SUSY vertex algebras in [52], which
is the one we will use for our computations, similar to the Bakalov-Kac characterization
of vertex algebras given in Section in terms of Lie conformal algebras. To do that,
first of all, we need to introduce the superfield version of Lie conformal algebras.
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2.3.1 SUSY Lie Conformal Algebras

Similarly as we have done in Subsection with vertex algebras, we can just introduce
SUSY Lie conformal algebras as Lie conformal algebras (R, [-x:]) as in Definition
where remember that R is a C[0]-module, for which there exists an odd endomorphism
D: R — R satisfying certain compatibility conditions, which are the following ones:

D? =9, DJaxb] = [Dayb] + (1)1 [ayDb], for a,b e R. (2.7)

Let now V = (9, D) be the pair formed by the translation operators above, and consider
H the (non-commutative) associative translation superalgebra generated by the set V,
subject to the relations [0, D] = 0 and [D, D] = 29. In particular, D? = 9. So, we can see
this superalgebra just as H = C[D] for which we define the even endomorphism 0 := D?.
Then, a SUSY Lie conformal algebra should be a pair (R, [-x-]), where R is an H-module
and [-y-] is a A\-bracket satisfying , , , with D: R — R odd derivation
for the A-bracket. However, this notion does not make sense completely, since we do not
have an analogue of the sesquilinearity rule for the A-bracket with respect to D. So, we
must give a new bracket for which we have such a rule. With this purpose, we introduce
a new pair A = (A, x) for which we consider y a new odd parameter, and consider £ the
(non-commutative) associative parameter superalgebra generated by the set A, subject
to the relations [\, x] = 0 and [x,x] = —2A. In particular, x> = —\. So, we can see
this superalgebra just as £ = C[x] for which we define the even parameter \ := —x?2.
Remember that, for j € Z and .J € {0,1}, we will write V/I/ := 7787 and AJlY := M/,
In particular, notice that we have an isomorphism H — £ given by V +— —A. Then,
using D, x and [-)], we define

[A]: R®R — LOR
(a,b) —  [apb] := [Daxb] + x [axb]

Definition 2.3.1. [52] A SUSY Lie conformal algebra is the data (R, [-a-]), where
e R is an H-module.
e [A]: R®R — LR®R is a parity-reversing bilinear map, the A-bracket, satisfying
— Sesquilinearity: this is an equality in L ® R. For a,b € R,
[Darb] = x[ant], [aaDb] = (~1)1(D + x) [arb] . (2.8)

In particular, D is an odd derivation for the A-bracket.

— Antisymmetry (understanding this in the odd version): this is an equality in
L ® R, where V is as above. For a,b € R,

[aab] = (=) [b_g_pa] . (2.9)

— Jacobi identity: given L' another copy of L generated by the pair I' = (v, 1),
this is an equality in £ ® £’ @ R. For a,b,c € R,

[ax [ore]] = (1) [laab] s o ] + (=1)M or [and]]. (2.10)
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The meaning of these expressions are explained in Appendix

Proposition 2.3.2 ([52]). Let (R,[x:]) be a Lie conformal algebra, and D: R — R
an odd derivation for the \-bracket satisfying D?> = 0. Define

[and] := [Daxb] + x [axb], fora,be R.

Then, (R,[-A*]) is a SUSY Lie conformal algebra. Conversely, let (R,[-A-]) be a SUSY
Lie conformal algebra as in Definition and define a \-bracket by

laxb] := Oy [apb], fora,beR,

where Oy, is the partial derivative with respect to the odd indeterminate x. Then, (R, [-x-])
is a Lie conformal algebra satisfying (2.7]).

Proposition 2.3.3 ([52]). Let (V,]0),S5,Y(-,Z)) be a SUSY vertex algebra. Then, we
obtain a SUSY Lie conformal algebra, with D = S and the A-bracket

A
[apnd] := Z Ta(nlJ)b eLRV, fora,beV. (2.11)

neN
Je{0,1}

2.3.2 Universal Enveloping SUSY Vertex Algebras

We can introduce SUSY vertex algebras canonically from SUSY Lie conformal algebras.
We can do this via a general construction as in Chapter 1] (see [52][Section 3.4] for details).
Furthermore, we can construct a Lie algebra Lie R from a SUSY Lie conformal algebra
(R,[-A]) in a canonical way (see [62, Lemma 3.2.8] for details). However, we will not do
this, and we will give this type of SUSY vertex algebras via universal properties directly.

Theorem 2.3.4 ([52]). If R is a SUSY Lie conformal algebra, then there exists a unique
SUSY wvertex algebra V (R) satisfying the following universal property: any homomor-
phism p: R — V of SUSY Lie conformal algebras, where V' is a SUSY wvertex algebra,
extends uniquely to an homomorphism of SUSY wvertex algebras p: V (R) — V making
commutative the diagram

V(R

ijz

Definition 2.3.5. [52] The SUSY vertex algebra V (R) from above is called the univer-
sal enveloping SUSY wvertex algebra associated to the SUSY Lie conformal algebra R.

)
\\¢
N

N
V.

)

Following Bakalov-Kac characterization of vertex algebras, we obtain that a SUSY vertex
algebra should be equivalent to the data (V,]0),S,[z],: - :), where
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e (V,[-a+]) is a Lie conformal algebra for which there exists S: V' — V odd derivation
for the A-bracket.

e ((V,]0),:--:),S) is a differential algebra satisfying and (1.13)).
e The A-bracket [-)-] and the product : -- : are related by ([L.14).

Then, using A-brackets, we arrive at the Heluani-Kac characterization.

Theorem 2.3.6 ([52]). A SUSY vertex algebra is equivalent to the following data:
o A SUSY Lie conformal algebra (V,[-A-]), where V is an H-module.

o A wunital differential superalgebra ((V,|0),: - :),S) satisfying the quasicommutati-
vity and quasiassociativity axioms, which are respectively given, for a,b,c € V, by

cab s —(=1)lllbl g = /0 dA [apb], (2.12)
v

cabic:—a:be i </Ov d”Aa) bac]: +(—1)lalltl . (/Ov d”Ab) land: . (2.13)

e The non-commutative Wick formula, a quasi-Leibniz rule, is satisfied, which relates
the A-bracket [-5-] and the product : - :, for a,b,c € V, as follows:

A
[ap : be :] =: [apb] ¢ : +(=D)Mll: papd] - +/ dI [[aab]y ] . (2.14)
0
The meaning of the integrals in these identities are explained in Appendiz[A7)

2.4 Neveu-Schwarz Embeddings

Let (R,[-A-]) be a SUSY Lie conformal algebra, and fix H € R an odd vector.

Definition 2.4.1. [52] We say that a € R has weight A, € C with respect to H if
[Hpa] = (20 + 2A,) + xD) a + O (A?) + xO(N).

In these cases, we say that a is an eigenvector of weight A, with respect to H. Moreover,
we will say that a € R is a primary eigenvector of weight A, with respect to H if

[Hpral = (20 + 2A,X + x D) a. (2.15)
Now, we say that H is a Neveu-Schwarz vector if
XA?

where C' € R is a central element. When H is a Neveu-Schwarz vector, the weight of any
element with respect to H is the conformal weight of such a vector (with respect to H).
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As any SUSY vertex algebra is in particular a SUSY Lie conformal algebra by Proposition
the notions introduced above have perfect sense for SUSY vertex algebras.

Proposition 2.4.2 ([52]). Given any SUSY vertex algebra (V,|0),S,Y (-, z)) for which
exists an odd vector T € V' such that G(z) = Y (7, z) is the Neveu-Schwarz field, then,

a € V is an eigenvector of conformal weight A, € C with respect to T if and only if the
following, for v = St1/2 €V so that L(z) := Y (v, z), holds:

Loa = Aga, L_ia=Ta, Gféa = Sa.

Remark 2.4.3. The previous result can be modified to obtain a similar equivalence for
primary vectors. Indeed, in that case, the first identity is L,a = 6 A,a for n € N, while
we add the following one Gp,a =0 for n € 1/2 + N.

Corolary 2.4.4. Let R be a SUSY Lie conformal algebra, and suppose that V(R) con-
tains a Neveu-Schwarz vector H of central charge ¢ € C. Then, we have that (V(R), H)
defines a superconformal vertex algebra of rank ¢ € C if and only if we have a basis of
eigenvectors of certain conformal weight A € 1/2 4+ 7 with respect to H.

2.5 Examples of Superconformal Vertex Algebras

We construct examples from Lie algebras. We will work with the underlying SUSY Lie
conformal algebra, taking the quotient of V' (R) by some ideal as we did in Section

2.5.1 Neveu-Schwarz SUSY Vertex Algebra

The next example is taken from [5, [52]. The Neveu-Schwarz algebra is the Lie superalge-
bra g, which is the unique non-trivial central extension 0 — CC' — g — A — 0 of
the complex Lie superalgebra A by C' central element. Here,

A=C[t*,¢] Di¢ € Vect(D'I") = Derc (C [, ¢]),

where D! := Spec (C [til, C]) is the punctured superline, and Dy o = 0; 4 (9, preserves
a = dt + (d¢ up to multiplication by functions, with { a Grassmanian indeterminate.
Fix L, := —t""19;, G, == —(t" Dy ¢, for n € Z,m € 1/2 + Z, the basis for which we
have the Lie superbrackets [Ly,Gp,] := (m — n)Lyin, [Ln, Gn] := (n/2 — m) Gy, and
[GnyGm] := 2Ly 4. Then, g = A® CC as vector space, with the non-zero commutators
and (2.1). As Lie conformal algebra, this is NS := ((CL ® CH) ® C[T]) & CC,
where H is odd, and L, C even, with the non-zero A-brackets and

[LyH] = <T + 2)\) H, [H\H]=2L+ );C. (2.16)

Let S be the odd derivation for the A-bracket defined by SH := 2L and SL := TH/2.
Then, S? = T. So, we have a SUSY Lie conformal algebra. Then, NS = (CH @ H)®CC
as an H-module, with the non-zero A-bracket

2
[HAH) = (2T + xS + 3)\) H + %0. (2.17)
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The associated universal enveloping SUSY vertex algebra is V' (NS), which is known as
the universal Neveu-Schwarz SUSY wvertex algebra. Now, since C' is the generator of the
centre, we can take the quotient

V (NS)
(C — )V (NS)’
where ¢ € C is the central charge. This is known as the universal Neveu-Schwarz SUSY
vertex algebra of central charge ¢ € C, and it is seen that has superconformal vertex

algebra structure, since G_3; |0) is a Neveu-Schwartz vector. This is also known as the
N =1 superconformal vertex algebra, since it is part of a bigger family of vertex algebras.

Ve (NS) =

2.5.2 Superaffinization of quadratic Lie algebras

The next example is taken from [52, [63]. Let (g, (-]-)) be a finite-dimensional quadratic
Lie superalgebra. The superaffinization of (g, (-|-)) is the super extension of the affiniza-
tion, which is 0 — CK — Gsuper —> SLg — 0 central extension of the superloop
algebra of g via (+|-) by K central element. Here, SLg is the Lie superalgebra of loops, so,
if ¢ is Grassmanian, SLg := g [t*,(]. Then, Gsuper = SLg®CK as vector space, with the
non-zero commutators and

[at™, bt"™(] = [a,b]t"T™¢, for a,b € g,n,m € Z,
[at"C,bt™ (] = (bla) K, for a,b € g,n,m € Z.
As Lie conformal algebra, this is SCurg := ((g @ IIg) ® C[T]) @ CK, which is called the
supercurrent algebra, with the non-zero A-brackets and
[axIIb] =11 ]a,b], [Ia)IIb] = (bla) K, for a,b € g.

Let S be the odd derivation for the A-bracket defined by Sa := T1la, and SIla := a, for
a € g. Then, S? = T. We have the SUSY Lie conformal algebra SCurg = (Ilg @ H)®CK
as an H-module, with the non-zero A-brackets

[MapTib] = (1)1l (TT [a, b] 4 x (a|b) K), for a,b € g. (2.18)

The associated universal enveloping SUSY vertex algebra is V' (SCur(g)), which is known
as the universal superaffine SUSY wvertex algebra. Now, for being C the generator of the
centre, we can take the quotient

V (SCur(g))
(K — k)V (SCur(g))’

where k € C is the level. This is known as the universal superaffine vertex algebra of level
k € C. Now, we can state the supersymmetric version of Theorem [1.4.2

Vs]flper (g) =

Theorem 2.5.1 ([60] The Kac-Todorov Construction). If g is simple or supercom-
mutative, and k # —h", then there exists an embedding V¢ (NS) — VEthY (g), where

super

vectors Ila € Tlg are primary of conformal weight 1/2, and ¢ € C is given by

ksdimg sdimg
W =T T e

eC. (2.19)
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2.5.3 Ghost or bc-4v System

Taking the tensor product between the Svy-system (Subsection , and the be-system
(Subsection , we obtain the be-f7y system (see, for example, [56] [73]). This is also
known as the ghost system. For N € N, this is generated by {3!, ... BN AL L ,7N} even
and {b',...,b",c!,...,c"} odd as Lie conformal algebra, with the non-zero A-brackets
and . Let S be the odd derivation for the A-bracket defined by S+ := v/,
Scl = pBI, Sb? .= T~/ and SB’ := T’ for j € {1,...,N}. Then, S? = T. We have the
SUSY Lie conformal algebra

N N
av=|(|EPcriePcd |eH|aC

j=1 j=1
as an H-module, with the non-zero A-bracket
{vjAck} :5;?, for j,ke {1,...,N}.

The associated universal enveloping SUSY vertex algebra is V' (), which is known as
the be-B system. We obtain a superconformal structure defining the odd vector

N
G::Z(:bjﬁj:+:(T7j)cj ) eV (Q). (2.20)
j=1

We will return to this example in Chapter[3|, where we will enhance the previous structure
in order to have a higher number of supersymmetries. Before ending, we will introduce
the examples that have the higher number of supersymetries considered in this thesis. We
will use the Heluani-Kac formalism of [52][Examples 5.10 and 5.11].

Remark 2.5.2. The finite simple Lie conformal superalgebras are completely classified
[26] (where finite means finitely generated as C[0]-modules).

Fix N € N, and consider the Grassmannian indeterminates (i,...,(y. Let W(1|N) be
the Lie superalgebra of all the derivations of C [tﬂ, ST ,CN], and K(1|N) C W(1|N)
the Lie subsuperalgebra consisting of vector fields preserving

N
a=dt+ Y (dg,
j=1
up to multiplication by a function. The Lie superalgebras W(1|N) and K(1|N) deter-
mine Lie conformal superalgebras Wy and Ky (see [26]). Furthermore, the Lie conformal
superalgebra K admits a unique non-trivial extension if N < 3 [26][Proposition 4.17],
and no non-trivial central extensions for N > 5 [26][Proposition 4.19]. In the special case
N = 4, the Lie superalgebra K (1|4) is not simple, but its derived algebra K(1|4)" is both
simple and determines a Lie conformal superalgebra K} (namely, the derived algebra of
K4 [26][Example 3.9]), that has two, up to isomorphism, linearly independent central ex-
tensions [26][Proposition 4.18]. The unique central extension of K; is the Neveu-Schwarz
algebra. Now, we are going to introduce the unique non-trivial central extension of Ko
and a central extension of K that is in fact a central extension of K.
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2.5.4 N =2 Superconformal Vertex Algebra

Let ICo be the associated SUSY Lie conformal algebra to the non-trivial central extension
of K(1]2), which is freely generated by H odd, and J, C even (this last one central). That
is, K9 := ((CH @ CJ) ® H) @ CC, with the non-zero A-brackets (2.17)) and

nd] = — (H + ?c) [HAJ] = (2T + 2) 4 xS)J. (2.21)

Now, since C' is the generator of the centre, we can take the quotient

V (K2)

N I )

where ¢ € C is the central charge. This is known as the N = 2 superconformal vertex alge-
bra of central charge ¢ € C. If Y(-,z) and Y (-, Z) denote the state-(super)field corres-
pondences, respectively, and we expand in components the superfields J and H, then

Y(J,Z)=—i(J(2)+0 (G (2) —GT(2))), Y(H, Z)=(G"(2)+G (2)) +20L(2),

where, from the components of J(z) and G*(z) in coefficients,

Y(I2)=J(z) =Y 27", YV (GE2) =G = Y TEGE,

neZ ne%—i—Z

since L(z) is given by (|1.17)), one obtains from ([2.17)) and (2.21)) the extra commutators

[ Jn] = %5,;%, [Jn, GE] = +GE, . [GE,L,)] = (m— g) GE, .,
[Lma Jn] = _njm+n7 [G:w G;] = Lm+n + ?Jm—&—n + % <m2 - i) 57:;1

Here, it is easily seen that Lie(Ky) = K(1]2) @ CC is the underlying Lie superalgebra.

Remark 2.5.3. Notice that we can recover the Neveu-Schwarz vector H from J. More
precisely, it is proven using Jacobi identity that (2.21]) implies (2.17]).

2.5.5 N =4 Superconformal Vertex Algebra

The (“small”) N = 4 superconformal vertex algebra of central charge ¢ € C is generated
by the SUSY Lie conformal algebra Kf after localizing, whose underlying H-module is
freely generated by an odd vector H, three even vectors J', J2, J3, and ¢ € C, with the
non-zero A-brackets (2.17)) and (2.21) for J = J* with s € {1,2,3} (each even vector J*
generate an N = 2 superconformal vertex algebra of central charge ¢ with same H), and

[JEAT!] = —e¥PF(S +2x) T, for s £ t;s,t € {1,2,3}, (2.22)

37’5’]’“) is the totally antisymmetric tensor.

where e = () e vy
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Chapter 3

Classical Embeddings

The aim of this chapter is to study classical embeddings of the Virasoro, Neveu-Schwarz,
and N = 2 superconfomal vertex algebras into the (super)affinization of a quadratic Lie
algebra and the bc-B7 system. The first two constructions have been mentioned before.
We will prove both of them using the A-bracket and A-bracket formalisms, respectively, as
an example of computations. The other two embeddings can be seen as an introduction
for the chiral de Rham complex, and what we are going to do in future chapters.

3.1 The Segal-Sugawara Construction

As we have seen in Chapter[I, Theorem[1.4.2)gives an embedding from the universal Vira-
soro vertex algebra for certain central charge into the universal affine vertex algebra of a
quadratic Lie algebra (g, (+|-)) with non-critical level. So, any module for the affine vertex
algebra is also a module for the Virasoro algebra, obtaining infinite dimensional repre-
sentations of the Virasoro Lie algebra. We need g to be simple or supercommutative for
representation theory reasons we will see below. Some authors refer to this embedding as
the Sugawara construction (since Sugawara was the first proving this result in [89]), but
the geometric construction is due to Segal (see [83]), and hence we will refer to it as the
Segal-Sugawara construction. To start, we will recall the notion and basic properties of
the Casimir operators on Lie superalgebras.

3.1.1 (Quadratic) Casimir Operators

Let V be an n-dimensional vector superspace endowed with the non-degenerate bilinear
form (-,-) : V x V — C, and let us consider {a;};j=1, . C V a basis of V.

Definition 3.1.1. The dual basis of {a;};=1,. n with respect to (-,-) is such that
(aj,ak) = 5?, for j, ke {1,...,n}.

In other words, {a’} j=1,...n. © V is the unique basis in V' given by the canonical bijection
V = V* obtained via (-, -) from the dual basis of {a;};j=1,. » in V*.
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Consider {aj}j:17._,,n C V the dual basis of {a;};=1,..» C V with respect to (-,-). Then,

(aj,x)aj:Z(a:,aj) a;, forxeV. (3.1)
1 j=1

xr =

J

Remark 3.1.2. Let A be any superalgebra with - product, and a non-degenerate bilinear
form (-,-): Ax A — C. Let {a;}j=1,..n C A be a basis, such that {aj}j:17,,,7n cA
is its dual basis with respect to (-,-). Let {b;};=1,..n € A be now another basis, where
{bj}j:17,_.7n C A is its dual basis with respect to (-, -), such that the change of coordinates
is

n n
Y = ZAiak and b; = ZBJ’?ak, for j e {1,...,n}.
k=1 k=1
Then, for j,k € {1,...,n},

5 = (1) = (Z Blek> =3 AB (0 at) = Y ARB,
r=1

s=1 r,s=1 r=1
or, equivalently,
n
Y AIBj =6;, fork,refl,... n}.
j=1
So, we have

n n n n

ij-bjzz Z ZAiB; a* - a, :iaj-aj.
j=1 j=1

k=1 \r=1 \j=1
Now, let g be a Lie superalgebra, and consider its universal enveloping algebra U (g).

Definition 3.1.3. The Killing form on g is the supersymmetric and invariant bilinear
form k (-,-) : g® g — C defined by

Ek(a,b) :=str((ady) (adp)), for a,b € g,
where ad: g — End(g) is the adjoint representation ad,(b) := [a,b], for a,b € g.

Remark 3.1.4. In general, the Killing form is degenerate. By Cartan’s criterion, if b is
a totally even (or odd) Lie algebra, then b is semisimple if and only if the Killing form
is non-degenerate. This is not true for g a general Lie superalgebra (see [61]).

Let {a;}j=1,.n» € g be a basis with dual basis {aj}jzly,”’n C g with respect to the
non-degenerate bilinear form (-,-): g x g — C.

Definition 3.1.5. The Casimir element for (-,-) : g x g — C is given by

n

0= Zaj-aj cU(g),

Jj=1

where - is the product in U(g). In particular, by Remark we have that Q does not
dependent on the chosen basis.
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Proposition 3.1.6 ([51]  is g-invariant). Let (g, (+,-)) be a Lie superalgebra endowed
with an invariant and non-degenerate bilinear form (-,-) : g ® g — C. Then, the asso-
ciated Casimir element § belongs to the center of U (g). That is, [g,Q] =0 in U (g).

Proof. Suppose that (-,-) is invariant, and let = € g. Then, since
[a,b-c] = [a,b] - c+ (=)W [a,¢],  for a,b,ceg,
we obtain that [z,Q] =0 for x € g using (3.1)). O

As a consequence of previous result, we have that () acts as a scalar in every irreducible
representation of g. Now, notice that in the adjoint representation

n

Q(a) = adq(a) == Zadaj (adg, (a)) = Z (a7, [a;,a]], forac€g. (3.2)
j=1

i=1

So, since when g is simple or supercommutative the adjoint representation is irreducible,
then Q € C, and it is related with 1" € C the dual Coxeter number of g (we introduced
it in Chapter [1, and hY = 0 when g is supercommutative). Indeed, it is satisfied that

Q(a) = 2h¥a, foracg. (3.3)

Remark 3.1.7. By Schur Lemma, when b is a totally even (or odd) simple Lie algebra,
then any invariant, supersymmetric and non-degenerate bilinear form on § is a scalar
multiple of the Killing form. However, for g Lie superalgebra, this is not true (see [61]).

We are ready for the Segal-Sugawara construction. Let (g, (:|-)) be any n-dimensional
quadratic Lie superalgebra, and consider now the basis {a;};=1,.» C g with dual basis
{a’};=1,..n C g with respect to (:|-). Remember that V¢ (Vir) denotes the universal
Virasoro vertex algebra of central charge ¢ € C generated as a Lie conformal algebra
by L with A-brackets , while V¥ (g) is the universal affine vertex algebra of level
k € C generated as a Lie conformal algebra by g with A-brackets .

Theorem 3.1.8 ([51, Section 7] The Segal-Sugawara Construction for A-brackets).
If g is simple or supercommutative, given k # —h" as above, then

1 LI
L= —— cdla; Vk 3.4
2(k + hY) = a’a; 1€ () (3.4)

is a Virasoro vector of central charge given by (1.22). Moreover, the vectors a € g are
primary of conformal weight 1 with respect to L.

Proof. In order to simplify the computations, we are going to use the Einstein summation
convention for repeated indexes. In addition, we will use some technical properties from

Appendix and First, we define

1 .
Y = 3" aaj = (k+h")L € V¥ (g).
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By Remark notice that Y (and L) above are independent on the chosen basis. Now,
for a € g, by the non-commutative Wick formula, supersymmetry and invariance,

[a\Y] = % [a : a’a; ]
1 ] alla? j A ;
=3 <: l[axa’] a; : +(=)lelle’l s 6 [ayay) - +/0 [[aAa]]uaJ} d,u)
= % (: [a,aj] a; : +kA (a }aj) aj) + %(—1)‘““”” (: a’ la,a;] : +kX (a |aj)aj)

+ ;/OA “a,aj]“aj] dp = % (: [a,a’] a; : H(=1)lello’] g7 [, a;] :)
+ Aka + ;/0)\ Ha,aj] ,aj] dp + ];/OAM([a,ajHaj) du

I ko[> :
= )\ka—i-/ Qa)du + / p(al|la,a;]) du
2 Jo 2 Jo

=Mk +hY)a,
thanks to (B.1)), (B.2), (3.3) and (B.3]). By antisymmetry,
1
Lyal : = — |Yya| = ————la_\_7Y
[Lxal = s Waal =~ laa Y]
=A+T)a.

So, the vectors a € g are primary of conformal weight 1 with respect to L provided that
L is a Virasoro vector. By the non-commutative Wick formula and sesquilinearity, since
T is an even derivation for the normally ordered product,

[L\Y]: = [LA : ajaj :] = % (: [LACLj] aj:+: a’ [Laay] : "‘/0)\ [[L,\ajhaj} d#)

N = N

, , 1 (A .
C(T+Nd)aj:+:a (T+Naj):)+ 2/ (T +X) aftaj} dup
0

A
:2)\Y+%(: (Ta?) aj : +:d’ (Ta;) ) +;/0 (A—p) [aiaj] du

A
=2 T (o) + 5 [ (o] k(] ) e

ksdim g ksdim g

12

A
=(T+2\)Y + / (A=) pdp = (T +2\)Y + A3,
0

So,

1 A3

thanks to (B.1]). This concludes the proof of the result. O

The vector Y above is known as the Segal-Sugawara conformal vector of g.

48



Chapter 3. Classical Embeddings

Corolary 3.1.9 ([51] The Segal-Sugawara Modification). For g simple or super-
commutative, if k # —h", let L and c(k) be as in and , respectively. Define
L*:=L+TacV*yg), c4k):=c(k)—12k(ala) €C, foracg even.

Then, we have that L* is another Virasoro vector of central charge c¢*(k).
Proof. Tt is straightforward. Indeed, by sesquilinearity, since [a,a] =0 (a € g is even),

[L4L7] s = [LaL] + (A+T) [Laa] = AlaxL] = A+ T) [axa]
- (T+2)\)(L+Ta)+i\;( (k) — 12k (ala)). O

Remark 3.1.10. Notice that previous result may not give us primary vectors, since

[LO)b] = Tb+ A (b—[a,b]) — A\* (a|b) k, for a € go,b € g.

3.2 The Kac-Todorov Construction

Let (g, (+|-)) be any n-dimensional quadratic Lie superalgebra, and consider IT: g — Ilg
the parity-reversing functor. Now, we are going to take the basis {a;};=1, ., C g with
dual basis {a’};=1,., C g with respect to (-|-). Remember that V¢(NS) denotes the
universal Neveu-Schwarz SUSY vertex algebra of central charge ¢ € C generated as a
SUSY Lie conformal algebra by H with A-brackets (2.17), while V% (g) is the universal

super

superaffine vertex algebra of level k € C generated as a SUSY Lie conformal algebra by
ITg with A-brackets ([2.18). From now, we will use some usual abuse of notations.

Remark 3.2.1. Abusing notation,
[,]: g x IIg — g, (:|-) : IIg x IIg — C,

will denote the two bilinear maps corresponding to the Lie superbracket defined on g,
and the supersymmetric, invariant and non-degenerate form on g, identifying elements
a € g with their corresponding odd copies Ila € Ilg. Explicitly,

[a,IIb] :==11[a,b], (Ha|llb) := (ald), for a,b € g.

We write a; := Ila; and o’ := a’ for j € {1,...,n}. The Kac-Todorov construction we
present is more general than the one in Chapter [2| (see Theorem and Remark (3.2.3]).

Theorem 3.2.2 (The Kac-Todorov Construction for A-brackets). For k # 0,

= Z ( ‘a]’“ (Saj) : 31k: Z cal :ay [ak,aj} ::) € Vskuper( ) (3.5)

is a Neveu-Schwarz vector of central charge

(k) = g sdimg — ) (Q@;{W eC. (3.6)
j=1

Moreover, the vectors a € Ilg are primary of conformal weight 1/2 with respect to H.
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Proof. In order to simplify the computations, we are going to use the Einstein summation
convention for repeated indexes. In addition, we will use some technical properties from
Appendix and We will start computing [ap H] for a € TIg. Notice that

1 ' . 1 )
l[apnH] : = %(—I)WH'1 [aA : (Saj) a; :] ~ 32 [(LA cal :ay [ak,aj} ::]
I TVS T
= e g te

Hence, by the non-commutative Wick formula, sesquilinearity, antisymmetry, supersym-

metry, invariance, (B.2)), (B.4]), (B.5) and (B.6)),

—1)le/l+1 [aa @ (Sa) a; -]
—1)le/I+1 (: [axSa’] a; : (1) lal+D)ISa] . (Sd’) [aray] :

T, =

A . .
—i—/o ar HaASaj]Faj]> = (—1)l’IH ((—1)'““rl (S +x) [and’]) a; -

. A
+(_1)(|alv+1)(a1+1) : (Sd?) [anay] : +/0. dar [(_1)|a\+1(8+x) [aAaJ}FajD
— (CD) (8 [a,0]) a5 (DI (S fo,05]
A (=D 12k (alaf) a5 + (<1 Tk (alo?) -+ (1) H10a))
+x ((—1)"1”Jrl : [a,a?] a; : +(—1)‘“j|(|a|+1)k5 ((ala;) aj)>
= (=DM (x a5 [0l a] s +k A+ xS) a4+ A2(a)) ,
TZ D= [aA cadd [ak,a]} ::} =: [aAaj] <: ag [ak,aj} :) :

+ (— 1yl g (: [anag] [ak,aj} t (=)l blarl g, [a/\ [ak,aj” :

—i—/OAdF [[a,ak}r [ak,ajﬂ) :—i—/OAdF (: [[a/\aj]rak] [ak,aj} :

. r
+(_1)(H“A‘””+1)‘ak| D ag [[a/\aj]r [ak,ajH : +/O ds2 [Ha/\aj]rak]ﬂ [ak,a]”>
= (—1)lal+1 (: la,d’] : ay, [ak,aj} (=)D 07 (g, ay) [ak,aj} ::
(1) lel+D(lIHaxl) . g . g, [a, [ak’ajH ::>
T A(=1)llg ((_1)<\a|+1>|af\+|ak\ <[a, ] ‘ [ak,aj} ) o
+ (=)l ([a,a?]| ax) [ak,a]} + (—1)al+la?Dlax|+la | +lax| ([a,aj] Hak,%} ) ak)
+ x(=1)la g ((a]aj) D ag [ak,aj] c (=)l (g)ay) : o [ak,aj] :

+ (—1)(‘“]'|H“’“|)‘“| (a ‘ {ak,aj} ) s alay, :) = (—1)lal+13g (x:a; [, a] : +2Q(a)).
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By antisymmetry, [Haa] = (A + 2T + xS) a. Therefore, the vectors a € IIg are primary
of conformal weight 1/2 with respect to H provided that H is a Neveu-Schwarz vector.
Indeed,

1w A 1

HoH) = 2 (=D [Hy: (S0) 0y = o5 [Has o s ag [ab,ag] 5]
_ 1 2
= T~ %21{

So, by the non-commutative Wick formula, sesquilinearity, antisymmetry, supersymme-
try, invariance, (B.1f), (B.2)), (B.4)), (B.7), (B.§), and for being S and T both odd and
even derivations for the normally ordered product, respectively,

1) [Hy : (Sa) a; 1]
1)|“J|Jrl (: ((S+x) [Had’]) aj : +: (Sa?) [Hopay] :

(—
= (-

+/0Ad (S + ) HAaf]FajD
= (-

DI (2 (25T = xS% + 208 + XA+ 2xT) @) a;

Tl . —
Yy:=

2

ksdim g
27
+xA 5

C(ai A CAAEE N CEAE S O (N W A M
+:(Sa?) (A + 2T +x8) a;) - +A%(-1) [a7, a;] +x

= (83X + 2T + xS)(~ 1)l I+ (Sa’) a; : FXA(=D)IHL gdg

= (3A+ 2T + xS) (1)1 : (Saf) a; - +x>\2@,
T%{ F= [HA tal ag [ak’a]} ::}

= [HAaj} s ay [ak,a]} 4 dl (: [Hpag] [ak,aj} Cay [HA [ak,ajH :

o [ (sl [ ]] ) s+ [ (L] ad [0

(=)@ F)led s o) [[Hpl] . [aF, a5 +/OF a2 |[[Hra'] ai], [ak,aj]D
=8N ad sy [of o] 42 (5 (Tad) g [ab 0] o+l 5 (Tay) [aay)
Foda (T [ak,ajD ::) +x (: (Sa?) : ax [ak,aj} .

D0 (Say) (b, 0] s (Dl 0T gy (8 aF 0] )
+AX((—1)W\+I%I+1 L a [ak, {ak,a]} } (=D)L [ad) gy [ak,aj} :
HDH g [of [ak7aj” )+ (1)t 2k [a’}aky [a*,a;])

k (Qa?)| ay)
5 :

=BA+2T 4+ x95) : a’ : ag [ak aj} A2
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In conclusion,
2

[HyH] = 3\ + 2T + yS)H + %c(k:),

where c(k) is given by formula ({3.6]), which concludes the proof. Notice that similarly as
in Remark it is easily seen that H above is independent on the chosen basis. [

The vector H above is known as the Kac-Todorov superconformal vector of g.

Remark 3.2.3. In Theorem [2.5.1] which we referred to as the Kac-Todorov construc-
tion, we required g to be simple or supercommutative. This hypothesis comes from the
classical statement, but, as we have seen during the proof, it is not necessary, although we
have used it for the Segal-Sugawara construction. Requiring that hypothesis, we obtain
a fancier formula for . Indeed, if is satisfied, localizing at k + h" € C,

1 hY (k+hY)+ 2k
E+hY):=3(= - ———< |sdimg = ~——-—— sdi
c(k+h") 3(2 3(k‘+hv)>s im g ) sdim g
_ sdimg = ksdimg
2 k+hY’

which is the formula given for the central charge in the previous chapter. In fact,
we can drop the assumptions on simplicity and supercommutativity, and obtain the same
central charge as above, defining a generalized dual Cozeter number. Indeed, let Y € C
be such that

str (Q) = 2hVstr (Id) .

So, localizing at k + h" € C, we obtain the previous formula in the non-hypothesis case.
If g is simple or supercommutative, this coincides with the usual dual Coxeter number.

Remark 3.2.4 ([51] The Virasoro vector for the Free Superfermions). For V' an
n-dimensional vector superspace with (-|-) : V' x V' — C non-degenerate and superan-
tisymmetric bilinear form, let {¢;};=1,..» C V be a basis with {cpj}j:L,_yn C V dual
basis with respect to (-|-). Then, the embedding V¢ (Vir) < FF(V') in Theorem is
given by
n .
LHEZ: (Te))g; +, cn—>—SdlmV. (3.7)

24 2
7=1

Observe that the Virasoro vector obtained from the Kac-Todorov construction is different
from the one which is obtained via the Segal-Sugawara construction. In fact, for commu-
tative Lie superalgebras, this one is the sum of (3.4) and (3.7)).

Corolary 3.2.5 ([54] The Kac-Todorov Modification). For k # 0, let H and c(k)
be defined as in (3.5) and (3.6)), respectively. Define

H*:=H+Tac Vslflper(g), (k) = c(k) — 3k (ala) € C, for a € Ilg odd.

Then, we have that H® is another Neveu-Schwarz vector of central charge c¢*(k).
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Proof. Tt is straightforward. Indeed, by sesquilinearity, since [a,a] =0 (a € IIg is odd),

[HYH®] : = [HAH| + XSAQC(I{:) + (A+T)[Hpa] — AapH] — AM(A+T) [ana]

= (3\+ 2T + xS)(H + Ta) + X;Z(c(k) — 3k(ala)). O

Remark 3.2.6. Notice that previous result may not give us eigenvectors, since
[H\b) = (2T + xS) b+ A(b —[a,b]) — Ax (a|b) k, for a € Ilgo, b € IIg.

Remark 3.2.7. We must notice that without the A-bracket formalism this computations
will be longer (although maybe easier to understand). Indeed, in [20, Apéndice B] we can
find these computations using A-brackets. Notice that in this case we should compute
the double of A-brackets, since we would do computations for a € g and parity reversed
vectors, and, moreover, again the double of A-brackets, since each one should be done
with respect to H and SH = 2L (remember that implies (1.19)). So, this new
formalism simplifies a lot the computations, at the expense of a more complex procedure.

3.3 N =2 Superconformal VAs from Manin triples

In this section, we are going to take another step in our construction of superconformal
vertex algebra embeddings. For instance, we will show that it is possible to extend the
Kac-Todorov construction under certain circunstances to obtain N = 2 superconformal
structures in the universal superaffine vertex algebra. This is very important for us, since
it will be the our starting point for the constructions in following chapters. We will work
with totally even quadratic Lie algebras.

3.3.1 Manin Triples of Quadratic Lie Algebras

Let (g, (+|-)) be a finite dimensional (even) quadratic Lie algebra. The basic structure we
need to construct the N = 2 superconformal vertex algebra is known as a Manin triple.
This ones are related with Lie bialgebras (see [25][Chapter 4]).

Definition 3.3.1. [25] A finite-dimensional Manin triple of (g, (-|-)) is a triple (g, g+, 9—)
of finite-dimensional Lie algebras such that

e Both g, and g_ are Lie subalgebras of g such that g=g, G g_.

e Both g4 and g_ are Lagrangian (or maximal isotropic) with respect to (+|). So,
1 . L.
9% = g+, and dimgy = §d1mg,

where gt denotes the orthogonal subspaces of gi with respect to (-|-).
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Let (g, 9+,9-) be a Manin triple of (g, (-|-)), and consider {e;}_; C g4 and {ej};‘:l Cg-
basis such that form an isotropic basis of g with respect to (+|-), in other words, we have
a basis {¢;, ej}?zl C g such that

(e =0, (]a) =5 (<]

Let hY € C be the generalized dual Coxeter number of g. Then, for & # —h", consider

) =0, for j,k € {1,...,n}. (3.8)

Vslflggr (g) the universal superaffine vertex algebra associated to (g, (:|-)). We will write
ej := Ile; and e :=1TIe for j € {1,...,n} abusing notation. Define the even vector

Vv
= — Z ele; e VETL (g).
7j=1

We will work with parity-reversed vectors, so keep in mind Remark Define now

Zn: e e] w _Z<[€j,€j}+_ [ej,ej}f) € Ilg,

Jj=1 7j=1
where the subscripts denote the canonical projections 74 : g — g+, a — ag, = a+.

Remark 3.3.2. The conclusion of Remark also holds true when we replace a basis
and its dual for an isotropic basis. Indeed, the very same proof works. As a consequence,
we have that v, w and J are all of them independent on the chosen isotropic basis.

Theorem 3.3.3 ([43], 54] Getzler’s Construction). Let (g,9+,9-) be a Manin triple
of (g,(:|")) quadratic Lie algebra. Then,

(1) The even vector J satisfies [JpJ] = — (H + %)‘c) , where H is given by
1 )
:k—i—h\/ k—i—hVE:l (Se?) : +: e (Sey) :
1 (K i k] .. k+hY
k:+ PRy ; ( el e lej,ep] it e e [ej,e ] )) Viuper (8),

where ¢ = 3dimgy € C. In fact, this vector is obtained applying the Kac-Todorov
modification to the vector w/(k + h") € Ilg. Indeed, we have

1
H = Hoy + 5 Tw € Vil (o),

where Hy is the Kac-Todorov superconformal vector of g. In particular, we have
that this construction may not define a superconformal vertex algebra.

(2) Assuming that
we [gy,04] Ng—.g-]", (3.9)

the vectors J and H as above generate an N = 2 superconformal vertex algebra of
central charge ¢ = 3dim g. That is, the formulas (2.21)) are satisfied for {J, H,c}.
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Proof. The proof is given on [54, Proposition 2.14]. We will not repeat it here, since in
next chapters we will give a construction that generalizes this one. ]

Corolary 3.3.4 ([43 [54], Freudental’s Formula). Let (g,9+,9-) be a Manin triple
of a quadratic Lie algebra (g, (:|-)) for which w € Ilg satisfies (3.9). Then,

2
(w|lw) = —ghv dimg,.

Proof. This identity follows after mathing the values for the central charge ¢ = 3dimg
and the one from the modification of the Kac-Todorov construction in Theorem[3.3.31 O

3.4 N =2 Superconformal VAs in the bc-3y System

We will show now that the be-£7v system always admits an N = 2 superconformal vertex
algebra structure. For that, we will introduce an equivalent notion of this structure.

3.4.1 Topological Vertex Algebras

In [73, Section 2], the notion of topological vertex algebra is introduced, which is in fact
equivalent to the notion of NV = 2 superconformal vertex algebras. We will see now that
the bc-Bv system admits this type of structure.

Definition 3.4.1. [73] A topological vertez algebra is the structure that is obtained via
the universal enveloping vertex algebra of the Lie conformal algebra defined by

R:=(CL®C[T])® (CJ®C[T]) ® (CG* @ C[T]) & (CG~ ® C[T]) & CD,

where D is an even central element, J and L are two even vectors, and G* are two odd
vectors, all of them related via the non-zero A-brackets

[LAL] = (T +2\)L, [JyJ] =D\, [J\GF]=+£GT,
LGl = 2A+T)G™, [LyGt] = (A +T)G,

[GIG ] =L+ T+ D%, [LyJ]=(\+T)J—D.
In the practice, we will work with the quotient
V(R)
(D—d)V(R)
which receives the name of topological vertex algebra of rank d € C.

Theorem 3.4.2 ([73] Section 2.2]). The be-fy system of dimension 2N € N admits a
structure of topological vertex algebra of rank N for the generators defined by

N N
Gt ::Z:bjﬁj o GT ::Z: (T'yj)cj €V (Qn). (3.10)
j=1

=1
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Proof. We leave to the reader this verification using A-brackets. In particular, computing

_ A2
[G1GT] =L+ AT+ NZ-,

we recover the even vectors
N N

L:=) :(TY) B :+: (TV) Z vl eV (Qy). O
j=1 =1
We will show that this structure is equivalent to an N = 2 superconformal vertex algebra.

Theorem 3.4.3 ([I1]). Let (L,J,G*) be a set of generators for a topological vertex
algebra of rank d € C. Defining

L:=1L- %TJ, (3.11)

the new set (E,J, G*) generate an N = 2 superconformal vertex algebra with central
charge ¢ = —3d € C. Conversely, from any N = 2 superconformal vertex algebra with
central charge ¢ € C, we can define in a natural way, reversing the previous construction,
thanks to formula , a topological vertex algebra of rank d = —c/3 € C.

Corolary 3.4.4 ([52, Example 5.10]). The bc-7y system of dimension 2N € N admits a
structure of N = 2 superconformal vertex algebra with central charge ¢ = —3N € C for
the generators defined by

J = —iﬁ:: (S47) e, H::i(: (S47) (S?) : 4+ (T) & 2) e V().

j=1
Although we will not use it, the bc-87y system admits more supersymmetries.

Remark 3.4.5 (|52, Example 5.11]). We can endow the bc-/37y system with a N = 4
superconformal vertex algebra structure. Indeed, supposing that this one has dimension
2N e N, let

s

o’ = for s € {1,2,3}

S
(ijk)j,k:e{l,.“,N} ’
be the Pauli matrices of rank N. That is, the three N x N matrices satisfying

N
oot = Z'Zefj’k’lal, ((75)2 =1d, for j,k,s € {1,2,3},5 # k,

where € = (sj’k’l) ) is the totally antisymmetric tensor. Then, the even vectors

i5,0e{1,...N

N
J¥ == Z o) (Sy7) F:e V (Qy), for s € {1,2,3},

Jk=1
together with the odd vector ([2.20]), which is obtained adding the two vectors in (3.10)),
generate an N = 4 superconformal vertex algebra with central charge ¢ = —3N € C.

That is, they satisfy the commutation relations ([2.22]).

The topological vertex algebra structure of the bc-v system will be fundamental when
we arrive at Chapter [J] to construct the chiral de Rham complex for smooth manifolds.
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Chapter 4

Preliminaries

The goal of this chapter is to review some basics on differential geometry. Concretely, we
recall and introduce notations in classical and spin geometry, relating them with the view-
point provided by the theory of G-structures. We follow closely [91), Section 2].

4.1 G-structures and Classical Geometry

Let M be any n-dimensional smooth manifold. When n is even, we will write n = 2m,
and if n is multiple of 4, we will write n = 4k. By classical geometry, we mean a collection
of tensors over T'M (structures), the tangent bundle of M, satisfying certain algebraic
properties. Often, we will require that these tensors satisfy certain integrability condition.
Now, an alternative viewpoint is provided by the theory of G-structures. Remember that,
for G a Lie group, a G-structure on M is a reduction of the GL(n)-principal bundle of the
frames of T'M to G such that T M is associated to the G-bundle via the monomorphism
of Lie groups G < GL(n). All the (classical) geometric structures can be described via
reductions to a principal G-bundle. In this case, the tangent bundle can be regarded as a
vector bundle associated to the principal G-bundle given by the G-structure, and refers
to the Lie group G as the structure group of T M. Locally, choosing some trivializations
UxR"ZTU of TM, a G-structure is a smooth family of Lie group representations
rp: G — GL (T,,M) parametrized by points p € M, which is well behaved under the
transitions of trivializations. We express classical geometric structures via G-structures.

Definition 4.1.1. A Riemannian structure on M is a (2,0)-tensor g such that the indu-
ced bilinear form on T,,M is positive-definite for each p € M. This endows T}, M the tan-
gent space with a family of representations

rp: O(n) = O (T,M, g,) — GL(T,M),
and, since g is global, they come from a principal O(n)-bundle. In particular, we have

that each T),M is endowed with the structure of an Euclidean space. So, a Riemannian
structure is equivalent to having that T'M is associated with an O(n)-structure.
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Remark 4.1.2. If M is orientable, any Riemannian structure g on M is equivalent to
having that T'M is associated with a SO(n)-structure. Indeed, for each point p € M, the
tangent T, M is endowed with the structure of an orientable Euclidean space.

Remember that on M we can define affine connections V and the associated torsion Ty .
If g is a Riemannian structure, the (unique) affine connection V9 such that V9¢g = 0 (it
preserves the metric), and is torsion-free receives the name of Levi-Civita connection.

Definition 4.1.3. An almost symplectic structure on M is an antisymmetric 2-form w
such that the induced bilinear form on 7,,M is non-degenerate for each p € M. This
endows T, M the tangent space with a family of representations

rp: Sp(m,R) = Sp(T,M,w,) — GL(T,M),

and, since w is global, they come from a principal Sp(m,R)-bundle. So, an almost sym-
plectic structure is equivalent to having that T'M is associated with a Sp(m, R)-structure.
Here, M must be even dimensional. The structure is called integrable, or symplectic, if
dw = 0. By the Darboux Theorem, the integrability condition is equivalent to existence
of symplectic coordinates (qu, ..., Gn, P1, -.., Pm) such that

n
w = qu]‘ A dp;.
j=1

Definition 4.1.4. An almost complex structure on M is an (1, 1)-tensor J (so, a bundle
morphism J € End(T'M)) such that the induced morphism on T,M satisfies J? = —Id
for each p € M. This endows T}, M the tangent space with a family of representations

rp: GL(m, C) = GL(T,M, J,) < GL(T,M),

and, since J is global, they come from a principal GL(m, C)-bundle. In particular, we
have that each T, M is endowed with the structure of a complex (orientable) vector space.
So, an almost complex structure is equivalent to having that T'M is associated with a
GL(m, C)-structure. Equivalently, we have a decomposition of the complexification into
complex vector bundles by TM ®C = T M @T%! M, which are conjugate to each other.
So, we have that THOM and T M are, respectively, the (4i)-eigenbundles of J. The
structure is called integrable, or complez, if the associated Nijenhuis tensor

Nj(X,Y):=[X,Y] = [JX,JY]+ J[JX,JY] + J|X,JY], for X,Y € X(M),

vanishes. More geometrically, this is equivalent to the fact that the bundles 72°M and
TO1 M are preserved by the Lie bracket. By the Newlander-Niremberg Theorem, the inte-
grability condition is equivalent to existence of holomorphic coordinates (21, ..., z,) such
that J is the multiplication by the imaginary constant i. Let T* M®C = T 0* M T M
be now the decomposition induced by J* € End(7T*M). Put

APAT*M = APTH*M@AITO Y M, AT*M @ APIT*M,  for k,p,q € {0,1,...,m}.
k=p+q
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We define 0: APIT* M — APTLAT* M, and 9: APIT*M — APATYT* M by composing
the exterior differential d with the corresponding projection operator. Then, the inte-
grability of J is also equivalent to d = 9+ 0. As mentioned above, this is also equivalent
to the existence of holomorphic coordinates z1 := x1 + iy1,...,2m = Tm + 1Ym on M.
That is,

J <8$J> = aiyj and J (8y]> = *aimj, fOl“j € {1,,’[71,}

The bundles T"°M and T%'M are spanned by

0 0 .0 0 0 .0 .
aizj—ai%—laiyjandaizj—ai%+laiy], forje{l,...,m},

respectively, while the dual bundles 75%* M and T%'* M are spanned by the differentials
dzj :=dzxj +idy; and dZ; := dxj —idy;, for j € {1,...,m}.

Definition 4.1.5. An almost special complex structure on M is given by a global volume
form 2 € Q™(M) ® C satisfying the following:

(1) QAQ#0.
(2) (locally decomposable) Q2 =601 A --- A Oy, locally, for complex 1-forms 61, ..., 0,,.

For each p € M, this endows T, M the tangent space with a family of representations
rp: SL(m,C) = SL(T,M,Q,) — GL(T,M),

and, since (2 is global, they come from a principal SL(m, C)-bundle. So, a special complex
structure is equivalent to having that 7'M is associated with a SL(m, C)-structure. Note
that, by conditions (1) and (2), we obtain that {2 defines an almost complex structure .J
on M. Indeed, we have the splitting 7*M @ C = T M @ T%* M, where the (1,0)-forms
T19%M are locally spanned by the 1-forms 61, ..., 60,,. The structure is called integrable,
or special complex, if

(3) d2=0.

Applying (3), we obtain that J is integrable. Indeed, by the previous decomposition we
obtain that QA6 = 0 for any (1, 0)-form 6. Then, condition (3) implies QAdf = 0 for any
(1,0)-form 0. Consequently, we have that the 2-form df has no (2, 0)-part, which implies
the integrability condition of J, the associated almost complex structure, since we have
obtained d = 9+0. In particular, we have 9Q = 0. So, the volume form € defines an holo-
morphic trivialization of the canonical bundle KCpr = A™°T*M = A™T19* M. Note that
TYOM = TM as complex vector bundles. Combining the Newlander-Niremberg Theo-
rem with the holomorphic Darboux Theorem, one can prove that df2 = 0 is equivalent to
the existence of holomorphic coordinates (21, ..., 2z, ) with constant determinant of the Ja-
cobian such that
Q=dzi N+ Ndzp,.
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Definition 4.1.6. Let J be an almost complex structure on M. The pair (J, h) is said an
almost Hermitian structure on M if h is a complex sesquilinear (2, 0)-tensor (that is, line-
ar in the first coordinate and antilinear in the second one, for the point-wise complex
multiplication induced by J), and such that the induced bilinear form on 7, M is posi-
tive definite for each p € M. This endows T),M the tangent space with a family of repre-
sentations

rp: U(m) = U(T,M, hy) — GL(T,M),

and, since h is global, they come from a principal U(m)-bundle. In particular, we have
that each T,,M is endowed with the structure of an hermitian vector space. So, an almost
hermitian structure is equivalent to having that 7'M is associated with a U(m)-structure.
An almost hermitian structure on M defines, respectively, an almost symplectic structure
w and a Riemannian metric g by

w :=Im(h) (h—h) and g :==Re(h) = = (h+h).

N =

i
2
In addition, it follows from the hermitian condition that w is a (1, 1)-form. Notice that,
if we have any of the pairs (J,w) or (J, g) consisting on an almost complex structure J, a
Riemannian metric g, and an almost symplectic structure w on M such that the second
structure of the pair is invariant under J (so, J acts as an isometry for that structure),
requiring also that w(-,J-) > 0 when w appears, then we recover an almost hermitian
structure, since w(-,-) = g(J-,-) and g(+,-) = w(-, J+), so h := g — iw defines the almost
hermitian structure. The structure is called integrable, or hermitian, if it is J.

Recall that on (M, h) hermitian manifold we define hermitian connections V, which are
the ones with Vg = 0 and V.J = 0. The (unique) hermitian connection V¥ such that

H:=g (TVB('v ')7 ) € AT3M

receives the name of Bismut connection. The (unique) hermitian connection V¢ such that
1,1 . ‘
Tge = 0 receives the name of Chern connection.

Definition 4.1.7. An almost Kihler structure is given by a pair (J,w) that is an almost
hermitian structure on M. The associated (1,1)-form w is known as the almost Kdhler
form of M. Moreover, the structure is called integrable, or Kdhler, if both structures J
and w are integrable. The (1,1)-form w is called the Kdhler form of M if dw = 0.

Lemma 4.1.8. Let (J,w) be an almost Kdihler structure, and consider V9 and VB the
Levi-Civita and Bismut connections, respectively. Then, V9 = VB if and only if dw = 0.

Definition 4.1.9. An (almost) hyperkdhler structure on M is given by (g,I), (g,J) and
(g, K) three (almost) Kihler structures satisfying I? = J? = K? = [JK = —1 (known
as the quaternionic identities). For each p € M, an almost hyperkéhler structure endows
T,M the tangent space with a family of representations

rp: UQ(k) = UQ(T,M, I, Jp, Kp, gp) — GL(T, M),
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and, since I, J, K and g are all of them global, they come from a principal UQ(k)-bundle.
So, an almost hyperkéhler structure is equivalent to having that TM is associated with
a UQ(k)-structure. Here UQ(k) denotes the k-dimensional quaternionic unitary group.
The structure is called integrable, or hyperkdhler, if 1, J, K are all integrable.

Definition 4.1.10. An almost Calabi- Yau structure on M is a pair (2,w) such that w
is an almost symplectic structure and € is an almost special complex structure such that

m(m—1) |

(1) QAQ=(-1)" 2 ™™
(2) QA Aw=0.
For each p € M, this endows T),M the tangent space with a family of representations
rp: SU(m) = SU(T,M, Qp,wp) — GL(T,M),

and, since Q and w are global, they come from a principal SU(m)-bundle. So, an almost
Calabi-Yau structure is equivalent to having that 7'M is associated with a SU(m)-struc-
ture. In particular, the inclusion SU(m) < U(m) induces an almost Hermitian structure.
The structure is called integrable, or Calabi- Yau, if € is closed.

4.2 Clifford Bundles and Spin Geometry

To finish this chapter, we include a brief review on the basics of spin structures, which we
will extensively use in the rest of this work. In particular, we will study their relationship
with the previous structures. We will follow closely reference [66]. We will start studying
the case given by a finite-dimensional real vector space V with a non-degenerate symme-
tric bilinear form (-,-) : V.® V' — R of arbitrary signature (p, q).

Definition 4.2.1. The Clifford algebra C1(V') associated to V is an associative algebra
with unit defined as follows: we take the quotient of the tensor algebra of V' by the ideal
generated by the relation

v-v=(v,v)y, forvelV. (4.1)

We have a Zg-graded decomposition on Cl(V') determined by the automorphism

a: Cl(V) — ClV)
L '

Indeed, for being o = Id, there exists a decomposition in even and odd eigenspaces
CH(V) = {p € CUV) | alp) = (~1)p}, for j € {0,1}.
The associated pin and spin spaces are defined by

Pin(V, <,>) = {1)1 c VR € Cl*(V) ‘ v € V, keN, <’Uj,1)j> = =1 for j e {1,... ,k}},
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and
Spin(p, ¢) = Spin(V, (-, -)) := Pin(V, (-,-)) N C1I°(V).

Most of the important applications of Clifford algebras come through a detailed under-
standing of their representations. We are interested on consider now real representations
that we will complexify to obtain a complex representation.

Definition 4.2.2. A real representation of the Clifford algebra of V' is an algebra homo-
morphism

p: CI(V) — Homp (W, W).
The vector space W is called a real CI(V')-module. We simplify notations by writing
plp)(w)=w-¢, forweW,peClV).
This product is often referred to as Clifford multiplication on W.
We now come to the notion or (ir)reducibility of representations.

Definition 4.2.3. A real representation p: CI(V) — Hompg (W, W) will be said to be
reducible if the vector space W can be written as a non-trivial real direct sum

W =W, W,
such that p(¢)(W;) € W; for j € {1,2} for all ¢ € CI(V'). Note that in this case we can
write
p = p1Dp2,
where
pi(e) = p(@)ly,, forje{1,2}.
A real representation p is called irreducible if it is not reducible.

The representations of the Clifford algebra Cl(V') give rise to important representations
of certain groups, such as the spin group representations.

Definition 4.2.4. A real spinor representation of Spin(V, (-,-)) is an homomorphism
A: Spin(V, (-, -)) — GL(S) (4.2)

given by the restricting an irreducible real representation p: C1(V)) — Homg (W, W) to
the spin group Spin(V, (-, -)). The real vector space S is called an irreducible real spinor
space, and its elements £ € S are known as real spinors.

Now, let C1(V')¢ := Cl(V)®grC be the complexified Clifford algebra, which has associated
irreducible complex spinor space S¢ := S®grC, for S irreducible real spinor space. Then,
for each complex spinor § € Sc, we consider the C-linear map j¢: V ®r C — Sc defined
by
Je(w) :=v-§ forveVerC,

where - denotes the C-linear extension of the Clifford multiplication to Cl(V')c-modules.
From this point on, we shall assume that V' is an oriented 2n-dimensional vector space,
and that the symmetric bilinear form (-,-) : V.® V. — R is positive-definite. We will
denote the C-linear extension to V ®g C of this form just by (-, ).
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Definition 4.2.5. A spinor £ € Sc is pure if Ker(j¢) is maximal isotropic. That is, if the
vector space Ker(j¢) has maximal dimension n.

Moreover, we define Sfct C Sc to be the (+1)-eigenspaces for the Clifford multiplication
by the complex volume form

we :=14"ay -+ - az, € ClI(V)c,

for {ay,...,a2,} any positively oriented orthonormal basis of V. So, we have the natural
decomposition S¢c = Sg @S¢ into two spinor spaces Sé of positive and negative chirality.

Lemma 4.2.6 ([66, IV. Lemma 9.6]). If £ € Sc is pure, then either £ € S[g or § € S¢.
For any spinor ¢ € S¢, we can define its isotropy group by

Ge¢ :={o € Spin(2n) | o-£ =&} (4.3)
Lemma 4.2.7 ([66, IV. Lemma 9.15]). For o € Sé[ pure, then G¢ = SU(n).

Let PS¢ C S¢ be the subset of pure spinors, and let F»,, be the set of maximal isotropic
subspaces of V @grC. We consider the natural map K: PS¢ — Fa,,. Now, let AC(V') be
the set of all orthogonal almost complex structures on V. Associated to any J € AC(V)
there exists a decomposition

VerC=E)® E(J),

where E(J) C V ®g C denotes the (—i)-eigenspace of J. These vector spaces are both
maximal isotropic. We can consider the natural map E: AC(V) — MIS(V) that sends
the almost complex structures of V' to the associated maximal isotropic subspace. The
set AC(V) of almost complex structures falls into two connected components C:¥, where
C,I consists of those almost complex structures whose canonical orientation agrees with
the one given on V. Let PS¢ be the space of pure spinors, which admits a decomposition
PS™ of pure spinors with, respectively, positive and negative chirality. Let P (PSi) be the
projectivization of the positive and negative, respectively, pure spinor spaces. We have
arrived at the following result that will be useful in the future.

Lemma 4.2.8 ([66, IV. Proposition 9.7]). The maps o — K(o) and J — E(J) induce
the SO(2n)-equivariant diffeomorphisms

P (PS*) — F3, — CF.

Now, we will extend the given notions and results to an arbitrary smooth manifold M.
Let E — M be a smooth real vector bundle with a non-degenerate symmetric bilinear
pairing (-,-) : I'(E) ® ['(E) — C*>°(M) of arbitrary signature (p,q). Then, we can give
the following notions that extends canonically the ones given over a point.

Definition 4.2.9. The Clifford bundle C1(E) — M associated to E is a smooth real
algebra bundle, whose fibers are the Clifford algebras generated by each real vector space
E, for p € M. That is, the fiber C1(E), over p € M is given by the quotient of the tensor
algebra of E, by the ideal generated by the relation .
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Definition 4.2.10. A spinor bundle for E is a pair (S, T) consisting of a vector bundle
S — M, and a morphism of bundles T: CI(F) — Endg(S) of unital and associative al-
gebras. The sections of S are called spinors. If the orthogonal frame bundle of F admits
a reduction to Spin(p, ¢) (that is, F admits a spin structure), then any representation of
Spin(p, q) induces a spinor bundle S. In the special case in which E = T'M, if it admits
a spin structure, then we say that M is a spin manifold.

Let (S,T) be a spinor bundle for E. Consider the natural inclusion o: I'(E) — CI(E)
and define
Too: I'(F) — Endgr(S),

which gives an action for the sections of E on the spinors.
Definition 4.2.11. We can introduce the Clifford multiplication on S by the action
s-&:=(Yoo(s)) (), forsel(E)EecT(S).

Let V be a connection on E compatible with (-,-). Then, we can choose a connection on
the spinor bundle given by V*: I'(S) — I'(E* ® S), which is called a spin connection
such that it satisfies the Leibniz rule with respect to the previous Clifford multiplication.
That is,
VS(s-€)=Vs-&+5-V5, forsecD(E),EeT(9).

If the spinor bundle S is such that End(S) is isomorphic to CI(E), two spin connections
differ by a 1-form on M with values in the centre of Cl1(E). When the orthogonal frame
bundle of E reduces to Spin(p, ¢) (for example, when E = T'M, for M a spin Riemannian
manifold), then there exists a canonical choice of spin connection. We assume from now
that M is a 2n-dimensional spin manifold with positive-definite symmetric pairing (-, -).

Definition 4.2.12. Let S be a spinor bundle for E of rank r, and suppose that V is a
connection on E. The associated Dirac operator ¥: T'(S) — T'(S) is defined by

YE=) dl Vi, for {€T(S),

j=1
for {a;, a’ };:1 C I'(FE) orthogonal dual local frames for E and the Clifford multiplication.

The Dirac operators are independent of the coordinate system. Now, taking ¥ = T M, we
have that Lemma and Proposition generalizes into the following results.

Proposition 4.2.13 ([66, IV. Proposition 9.16]). Each globally defined pure spinor field
on M determines a unique reduction of the structure group of M to SU(n).

Proposition 4.2.14 ([66, IV. Proposition 9.8]). Let M be an oriented 2n-dimensional
Riemannian manifold. Then, the orthogonal almost complex structures on M, with cano-
nical positive orientation, are in a natural one-to-one correspondence with cross-sections
of the projectivized bundle P (PS+) of positive pure spinors on M.

We will return in the two following chapters to the concrete study between spinors and
geometric structures. This study plays an important role in the present thesis.
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The Killing Spinor Equations

In the present chapter, we introduce the main geometric structure we will work with, the
Killing spinor equations on smooth spin manifolds. In Section we introduce a new
tensor that will be fundamental for our purposes. It is noteworthy that, despite being a
quantity that can be defined via classical hermitian geometry, it does not seem to have
been previously considered in the literature.

5.1 Killing Spinors on Spin Manifolds

Let M be an n-dimensional smooth spin manifold. Let K be a compact Lie group, and
consider p: P — M principal K-bundle. Given any principal connection A on P, its
curvature is Fy € Q?(M,ad P). For H € Q3(M,R), and g a Riemannian structure, we
define the connection V* on T'M with skew-symmetric torsion, compatible with g, by

1
Vt.=vV9+ 5g—lﬂ, (5.1)

and the connection V*5 on TM with skew-symmetric torsion by

VAR v égflﬂ, (5.2)
where VY denotes the Levi-Civita connection of g. We introduce the following notion.
Definition 5.1.1. [35] We say that the tuple (g, H, ¢, A,n), where o € QY(M), and 7 is

a spinor on (T'M, g), is a solution of the Killing spinor equations when, denoting by - the
Clifford multiplication,

Fy-n=0, (5.3a)
vt.n=0, (5.3b)

1
(W+3 n go) =0, (5.3¢)

1
where Y3 denotes the Dirac operator associated to V3. We will call o € Q1(M) the
dilaton 1-form, although this is the name given to a potential for ¢, when ¢ is exact.
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Remark 5.1.2. These equations are known as Gaugino, gravitino, and dilatino equa-
tions, respectively, and they are motivated by physics. If ¢ is exact, these equations are
equivalent in low dimensions to the Killing spinor equations in a compactification of the
ten-dimensional heterotic supergravity [27, [30]. Note that there exists a well-stablished
notion of Killing spinors for pseudo-Riemannian geometry, which does not agree with
the notion considered here. Nonetheless, the name Killing spinor equations refering to
is now well-stablished in the mathematical physics literature.

We have an interesting equivalence when we are in even dimensions. Recall that a com-
plex spinor induces an SU(n)-structure as we have seen in the previous chapter.

Definition 5.1.3. [41] Let M be a 2n-dimensional manifold endowed with (J,w) an
almost hermitian structure on M. The associated Lee form is defined by

0y :=d'wo J, (5.4)
where d* := — % od o % (since M is even dimensional), and * is the Hodge star operator.
Remark 5.1.4. Notice that the Lee form can also be defined by

0, := A,dw,
where A, : QF(M) — QF2(M), a0 — — * (w A *) is defined for any o € Q%(M) by

wh n—1

w
Aao— = a A

! CE (5:5)

In particular, the Lee form is the unique 1-form such that dw” ! = 6, A w1

Let M be any compact almost complex manifold with vanishing first Chern class endowed
with a hermitian structure determined by an almost Kéahler form w and a complex struc-
ture J. Consider ¥ a smooth global section of the canonical bundle K, and the function
|I¥||,, on M defined via the point-wise norm of ¥, as follows

wn

o

n(

n(n=1) -n = 2
(1) "z " AT =P

Then, an SU(n)-structure on M is given by a pair (V,w), as before, satisfying
[ =1 (5.6)

Proposition 5.1.5 (|35, Theorem 5.1],[87, Section 2]). Let M be a 2n-dimensional spin
smooth manifold, and P — M principal K-bundle with K compact Lie group. Consider
A principal connection on P with Fa € Q?(M, ad P) associated curvature, (J,w,g) an al-
most hermitian structure on M, and H € Q3(M). Then, a solution (g, H,, A,n) to the
Killing spinor equations with n pure is equivalent to a tuple (V,w,p, A), where
(U, w) is a SU(n)-structure, such that

FaAw™ 1 =0, FY* =0,
0, +¢ =0, dU—0,AT =0,
NJ :07 H+dcw =0.
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Proof. We assume that there exists a global solution (g, H, ¢, A,n) as in Definition
By Proposition[d.2.13] the spinor 1 determines a reduction of the orthonormal frame bun-
dle of (M, g,J) to SU(n). So, this is equivalent to a pair (¥,w) given by an SU(n)-struc-
ture. Using now the following model for the complex spinor bundle,

S+ ~ AO,even (TM QR (C),

where the spinor 7 can be identified with A € C*, one can prove that w is a (1, 1)-form,
g=w(-,J), and

T'M ={X e TM®C | 1x¥ =0}.
Now, the gaugino equation is equivalent to A,F4 = 0 and Fg’z = 0. Now, the
gravitino equation implies that the connection V*, understood as a connection
on the spinor bundle of M, has holonomy contained in SU(n). This is equivalent to the
triple (w, J, ¥) be parallel with respect to V1 (as metric connection on T'M), and to

H = (—d°w) 2D 4 g(Ny- ).

Finally, the dilatino equation (5.3c) implies that J is integrable, that is, Ny = 0, and
furthermore

H=—dw, 0,=—¢cQ'(M).
At last, by Gauduchon’s formula [42, Equation (2.7.6)] for VT we obtain d¥ = §,A¥. [

In particular, if we have the trivial fibre bundle with K = {1}, we obtain the following.

Proposition 5.1.6 (|35, Theorem 5.1],[87, Section 2]). Let M be a 2n-dimensional spin
smooth manifold. Consider (J,w,g) almost hermitian structure on M, and H € Q3(M).
Then, a solution (g, H, p,n) to the Killing spinor equations with 1 pure is equivalent
to a tuple (V,w, @), where (¥,w) is a SU(n)-structure, such that

0w+ =0, d¥V—0, AT =0,
N; =0, H+dw =0.

5.1.1 The F-term and D-term Conditions

Motivated by Proposition we can distinguish two different type of conditions which
appear for solutions of the Killing spinor equations in even dimensions and with 7 pure.

Definition 5.1.7. We will say that the data given by (g, H, A), where g gives an almost
hermitian structure via J, and H € Q3(M), and A is a connection on P is a solution to
the F-term conditions if

F1) F$? =0, F2) H = (=d°w)"PT@) L g(N;. ), F3) Ny =0. (5.7)
Notice that if J is integrable (it is satisfied F'3)), then F'2) is the same as H = —d‘w.

Definition 5.1.8. We will say that the data given by (g, H, A, p,w, ¥), where (¥, w) is
an SU(n)-structure, and H € Q3(M), is a solution to the D-term condition if

D1) AyFa =0, D2)d¥=0,AT, D3)0,+¢=0. (5.8)
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Remark 5.1.9. One has the following equivalences:
e F1) FIgO’Q) =0 and D1) A, F4 = 0 are equivalent to the gaugino equation.

o F2) H = (—d°w)MPT@YD 4 g(N;. ) and D2) d¥ = 6, A ¥ are equivalent to the
gravitino equation.

e F'3) Ny =0 and D3) 0, + ¢ = 0 are equivalent to the dilatino equation.

5.2 Special Maximal Holomorphic Atlas

In this work, we are mainly concerned with solutions of the Killing spinor equations with
@ closed, in other words, 6,, closed. Imposing this condition, we will be able to construct
new embeddings of SUSY vertex algebras on the chiral de Rham complex. Motivated
by this, we can construct a special atlas associated to SU(n)-structures (¥, w) satisfying
the following equations:

d¥v —0,AN¥ =0, db,=0. (5.9)

Let (M, J) be any compact complex manifold with vanishing first Chern class.

Lemma 5.2.1 ([39, Lemma 2.2]). If an SU(n)-structure (¥,w) on M satisfies (5.9)), then
the Bismut connection

1
VH =V - 5g*ldcw, (5.10)
where V9 is the Levi-Civita connection of g, has holonomy contained in SU(n).

Proof. By the holonomy principle, it is enough to prove that
VT =0. (5.11)

Since 6, is closed, given p € M there exists a smooth local function ¢ such that 6, = d¢
around p. Then, by the first equation in (5.9)), we have that Q := e~ is closed. Indeed,
dQ = e % (—dg) AU + e dT
= e ?((—dp+6,) ANT) =0.
Hence, Q2 provides an holomorphic trivialization of j; around p, and the metric induces

by g in Ky is ||Q]%. In this trivialization, the Chern connection V¢ on Kj; induced by
w is given by

V¢ =d+20log ||, =d— 209,

since implies ¢ = —log ||2||,,- Now, the proof follows using Gauduchon’s formula
[42, Equation (2.7.6)], relating V¢ with the connection induced by V* on the canonical
bundle

VU =V +id'w® W,

which implies ([5.11)) around p as desired. O
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We want to obtain via ([5.9)) that M admits a unique maximal holomorphic atlas for which
the Jacobian of any change of coordinates has constant determinant.

Lemma 5.2.2. Let M be a 2n-dimensional smooth manifold for which we have (J,w)
a hermitian structure, and (V,w) satisfying (5.6) and (5.9). Then, M admits a unique

mazimal holomorphic atlas such that for U C M open set we have that
Uy = eUdzy A -+ A dzy,

where 0, = dpy. Consequently, the holomorphic Jacobian of any change of coordinates
in this atlas has constant determinant.

Proof. We will keep the notations used for the proof of Lemma[5.2.1, We will prove that
around each p € M there exists a neighbourhood U C M, and an holomorphic coordinate
patch p: U — C", with functions z1, ..., z, such that

V|, = e?Udzy A+ Adzy,

where
bl = déu. (5.12)
Fix an holomorphic atlas on M, and take U C M a coordinate domain. By hypothesis,
there exists a function ¢y € C*>°(U) satistying . By the first equation in , the
following local (n,0)-form
Qu =e %V |, (5.13)
is holomorphic. So, by the holomorphic Darboux Theorem, we can construct a new atlas
associating to each ¢p: U — V C C™ coordinate patch a new one @ U=U-—VCcr
such that Qz = dz1 A -+ Adz,, where 21, ..., 2, are the new coordinates. We will work
with this atlas. Let ¢: U — V C C" and ¢': U’ — V/ C C" be two coordinate patches

from this atlas, with coordinates z1, ..., z, and z{,..., 2}, respectively, and the transiti-

YN
on map
b=¢ oo lipUNU) — UNU).
The holomorphic volume form satisfies Qi = dzy A+ -+ Adzy, and Qur = d2i A -+ Adz),.
Notice that ([5.13)) still holds in this atlas, for the corresponding local potential ¢ of 6,,.
This follows as a consequence that ¥ and 6,, are globally defined on this atlas. Then,
d(¢U - ¢U’) =doy — doyr = Hw’U - 0w|U/ =0, inUN Ul:

so ¢c:= ¢y — ¢y € Cin U NU'. Therefore, in U N U’ we have the following

Qpr = det (dyp) Qu = det (dy)) dzy A -+ Adzp,

QU/ = €7¢U/ \II|U/ = 6¢U7¢U/ 67¢U \I]|U

=e Oy = edz1 A -+ Adzy,

where det (dy)) = e¢ € C is the determinant of the Jacobian of the change of coordinates 1)

considered above, which is constant as desired. Finally, if we have two atlas as above, the
union is again an atlas satisfying the same properties. This ensures the uniqueness. [J

The constructed atlas will be fundamental for our purposes.
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Remark 5.2.3. Let (g, H, A, ¢,w, ¥) be a solution to the F-term and D-term conditi-
ons. Associated to a solution (w, ¥) of (5.9)), by Lemma there exists a unique maxi-
mal atlas of holomorphic coordinates such that

U, =el“dzy A+ Adz,, where f,, := —log |||,

for U C M open, with {z;}7_; C C>°(M) local holomorphic coordinates.

5.3 The Torsion Bi-vector

To finish the chapter, we will define a bi-vector, canonically associated to any hermitian
structure. This one will play an important role in the construction of our SUSY vertex
algebra embeddings in Chapter Let (M, g,J) be a 2n-dimensional complex manifold
with hermitian structure g, fow which the associated almost Kahler form is w = g(J-, -).
Now, for v € T'(T%! M), consider

(g_l ® g_l) (1p10w) € T (A2T0’1M) ,
which is a bi-vector field of type (0,2). Then, we can take the Schouten bracket
[w, (7' ®g7") (idw)] € T(A*TM @ C),
for w € T(THYM), and its (0,2) component
[w, (g ®g7") (Lviaw)]w e D(A*TY M),
Given local holomorphic coordinates around a point, we define

n 0,2
Oy i= Z [g‘ldzk, (g_1 ®g_1) (Laczk&u>] . (5.14)

k=1
Lemma 5.3.1. The expression ((5.14)) is independent of the choice of local holomorphic
coordinates. In consequence, it defines a bi-vector field of type (0,2), that is,

o, € (N*T'M).

Furthermore,

(0w)i7 = izgfldzk (&u <gld7i, g tdz;, (;jk)) , fori,je{l,....,n}. (5.15)

k=1
Proof. The first part is immediate by change of holomorphic coordinates, since locally
z 0 i 0 0
_ pki(mzl]a 7)7/\7
w Z Zg 8Zp g9 ( w)mlk 0z; 8@’
m:l,ka ’L<.7
where the sums are taken from 1 to n. The second part follows clearly using (5.14). O

We will prove in Chapter [L0] that we are able to construct embeddings of SUSY vertex
algebras when the F-term and D-term conditions are satisfied, provided that o, = 0.
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Chapter 6

The Killing Spinor Equations on
Courant Algebroids

Now, we will introduce the Killing spinor equations in generalized geometry, following
[36]. Generalized geometry is a geometric framework orginally introduced by Hitchin and
Gualtieri [50, [57], which puts vectors and covector on a manifold on equal footing. It has
been proved to be very useful in understanding field equations in supergravity. Roughly
speaking, the Killing spinor equations in generalized geometry amount to suplement
with a Bianchi identity for H and A, and to prove that the corresponding equations are
natural on a Courant algebroid associated to (H, A). The Bianchi identity has the effect
of rigidifying these equations, and gives rise to the twisted Hull-Strominger system.

6.1 Basics on Courant Algebroids

Let M be any n-dimensional smooth manifold. The following notion was first given by
Liu-Weinstein-Xu in [71] as an axiomatization of the natural structure on the direct sum
of vector fields and the space of 1-forms introduced by Courant in [19].

Definition 6.1.1. [7T1] A Courant algebroid is a vector bundle E — M endowed with a
non-degenerate symmetric bilinear form (-, -), the Dorfman bracket [-,-] on T'(E), and a
bundle map 7: E — T'M called the anchor such that satisfies the following axioms:
(1) (Jacobi identity) [a, [b, c]] = [[a,b], c] + [b, [a, c|] for a,b,c € T'(E).
(2) (7 is an homomorphism) = [a, b] = [r(a), 7 (b)] for a,b € I'(E).
(3) ([-,-] is a differential) [a, fb] = f [a,b] + w(a)(f)b for a,b € T'(E) and f € C*(M).
(4) (Compatibility) m(a) (b,c) = ([a,b],c) + (b, [a, c]) for a,b,c € ['(E).

(5) (Quasiantisymmetry) [a, b] + [b,a] = D (a, b) for a,b € T'(E).

73



Supersymmetric Vertex Algebras and Killing Spinors

Here, the map D: C*°(M) — I'(E) denotes the composition of three maps: the exterior
differential d: Q(M) — Q(M) acting on functions, the map 7*: T*M — E* and the
isomorphism E* & E provided by the non-degenerate symmetric pairing (-, -). So,

(Df,a) = n(a)(f), for a € T(E); f € CX(M).
In particular, it is satisfied 7 o D = 0. In other words, (D f, Dg) = 0 for f,g € C>(M).

)
Example 6.1.2 (19, 38] H-Twisted Courant Algebroids). Let H € Q3(M) be a
closed 3-form on a manifold M. Then, the data (M & T*M, (-,-), [, -], n) defined, for
X+CY +neTMaTM, by

(X 46V 4m)= 5 ((X) + (V).
[X—FC,Y—!—?]] 1= [X,Y] 4+ Lxn—tydC+ tyix H,

T TM®T*M — TM, =n(X+():=X,

defines a Courant algebroid on M, usually called the H-twisted Courant algebroid (for
H = 0, this is simply known as the standard Courant algebroid). In this explicit situation,

Df = 2df, for f € C®(M).
Remark 6.1.3 (Quadratic Lie Algebras from CAs). A Courant algebroid over a
point (localization) is equivalent to a real (even) quadratic Lie algebra (Definition [1.4.1)).

Motivated by the previous examples, we define two special types of Courant algebroids
that will play an important role in the present thesis, which firstly appeared in [82].

Definition 6.1.4. [82] A Courant algebroid E is said to be transitive if the anchor map
7 is surjective. In addition, F is said ezact if the kernel of the anchor coincides with the
image of 7*. In other words, if it fits into an exact sequence of vector bundles

0 "M~ B —">TM 0.

For E any Courant algebroid, an isotropic splitting is a section o: TM — E such that
the image o (T'M) C FE is isotropic with respect to (-, -). When E is exact, we can choose
o as above, and define (TM ©T*M, () ['sm, ,7r) for H, € Q3(M) closed defined by

H,(X,Y,Z) :=2([o(X),0(Y)],0(2)), for X,Y,Z e T"M. (6.1)
A detailed proof of the next result can be found in [38, Theorem 2.19].

Theorem 6.1.5 ([82]). Given H € Q3(M) closed, there exists a one-to-one correspon-
dence between exact Courant algebroids and H -twisted Courant algebroids.

Now, we introduce a special class of transitive Courant algebroids which will play a funda-
mental role. Let M be a complex manifold, and K compact Lie group with bi-invariant
non-degenerate pairing (-,-) : € ® ¢ — R. Given P — M a principal K-bundle, let A
be any principal connection on P with associated curvature Fs € Q?(X,ad P). For such
a connection A, we can choose H € Q3(M) such that satisfies the Bianchi identity

dH + (Fy A Fy) =0. (6.2)
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Proposition 6.1.6 ([4, Proposition 3.2],[34, Proposition 2.4]). Let (H, A) be a pair that
solves (6.2)). Now, consider the vector bundle Eg o :=TM @& ad P ®T*M endowed, for
X+r+Y +t+n€ Eya, with the symmetric pairing

(X47r+CY +t47) = %(77(X)+C(Y)) it (6.3)

the bracket
[X—l—T—l—C,Y—I—t—I—?]]}LA =X, Y]+ Lxn—yd(+yixH
— FA(X,)Y)+2(xFa,t) —2(yFa,r) (6.4)
+ 2 <dAr, t> + d}%t — d{}r —[r ],
and the canocical projection
7 E—TM, #n(X+r+() =X
Then, the data (Eg,a, (), [, "|ga.m) determines a transitive Courant algebroid.

Definition 6.1.7. [37] Let (H, A) be a pair that solves (6.2)). The transitive Courant al-
gebroid Ep 4 constructed as explained in Proposition is known as the string Cou-
rant algebroid associated to the given pair (H, A).

6.1.1 Generalized Metrics on String Courant Algebroids

We recall the notion of generalized metric on Courant algebroids, which generalizes the
concept of Riemannian metric on a manifold [48], [57]. Note that reductions of the struc-
ture group on the standard Courant algebroid give interesting geometries, since it reduces
the structure group to O(n,n). We want to study a further reduction to O(n) x O(p, q).

Definition 6.1.8. [38] Let E be a general Courant algebroid over M smooth manifold.
A generalized metric on E is given by an orthogonal decomposition

E=C,&C_

in subundles Cy C E such that the restriction of (-, -) on E to each C is non-degenerate.
We say that a generalized metric is Riemannian if (-,-)|c, is positive-definite.

Lemma 6.1.9 ([34], Section 3.2). A Riemannian generalized metric Cx on E any tran-
sitive Courant algebroid is equivalent to either:

(1) a reduction of the frames to a subgroup O(n) x O(p,q) C O(n+p + q).
(2) an endomorphism G € T'(End E) satisfying the following:

e (Ga,Gb) = (a,) for a,b € T(E).

e (Ga,b) = (a,Gb) for a,beT'(E).

e The bilinear pairing (G-, -) is positive-definite on Cy = {a € E | Ga = a}, and
has signature (p,q) on C_ ={a € E | Ga = —a}.

We denote by G(E) the space of generalized metrics for E transitive Courant algebroid.
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Remark 6.1.10. Given C. a generalized metric on F exact Courant algebroid,
Cy={X+gX)| XeTM}.
In particular, we have the natural morphisms

1 _
mii B Coy me(X4Q) =5 (X g7 + (£ 9(X)),
or:TM — Cy, o04(X)=X=+9(X),
inducing isomorphisms 7|~ L TM =0y

Let next study generalized metrics for string Courant algebroids. So, let (H, A) be a pair
as above solving (6.2)). Fix g a usual Riemannian metric on M. Then, we can construct
canonically a generalized metric C+ on Ey 4 by setting

Ciy ={X+4+g9X)| XeTM},

6.5
Co:={X—-g(X)+r| X eTM,r € ad P}. (6.5)

Remark 6.1.11. More invariantly, if we fix a string Courant algebroid of type Ef, 4 as
above, and we consider a generalized metric Ky 4 = C @ C_ such that

7T|C+ : C+ = TM? <'7'>|C+ > 07

then this determines a pair (¢’,0), where ¢ denotes a usual Riemannian metric on M
and o: TM — Ep 4 is an isotropic splitting such that determines another pair (H', A")
as above satisfying . Even more, the isotropic splitting o: M — Ep 4 induces
an isomorphism Ey 4 = Ep 4 for which the generalized metric C+ C Epr 4/ is (6.5)).

6.1.2 Divergence Operators on String Courant Algebroids

Definition 6.1.12. [38] Let E be a Courant algebroid. A divergence operator on E is a
differential operator div: I'(E) — C°°(M) satisfying the Leibniz rule

div(fe) = w(e)(f) + fdiv(e), fore e T'(E), f e C>™(M).

Remark 6.1.13. By Leibniz rule, it is seen that the divergence operators on £ form an
affine space modeled on I'(E). Indeed, fixing div and div’ divergence operators, then

div’ = div + (e,-), for certain e € T'(E).
We give a compatibility condition between generalized metrics and divergence operators.

Definition 6.1.14. [38] Given C; Riemannian canonical generalized metric on a string
Courant algebroid F as in (6.5]) such that determines the Riemannian metric g, we define
its Riemannian divergence as
L
divg(e) := ﬂ(e;'u , foreeI(FE),
1

where p9 is the associated Riemannian volume form of g Riemannian metric.
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Definition 6.1.15. [38] For div: I'(E)) — C°°(M) divergence operator on a string Cou-
rant algebroid E, we define the Weyl structure of div as the map

wW. GFE) — TI(F)
G — div—divg

We are ready to introduce the desired condition from the notion of infinitesimal isometry.
For G generalized metric on E string Courant algebroid, define, for each e € I'(E),

[e,G] € End (T'(E)) by le,G](¢') := [e,Ge'] =G [e, €], for e € T(E).
This defines a tensor, and we say that e € I'(E) is an infinitesimal isometry if [e, G] = 0.

Definition 6.1.16. [38] Let E be a string Courant algebroid. A pair (G, div) is said com-
patible if W(G) is an infinitesimal isometry. Furthermore, it is closed if 7 (G) = 0.

Remark 6.1.17 ([38, Lemma 2.50]). For (C, div) a compatible pair on a string Courant
algebroid F, we have that e = X 4+ ( + r in the splitting ¢ determined by C, and the
condition infinitesimal isometry reads

Lxg =0, dArszxFA, d( =1xH — 2 (Fq,7). (6.6)

In particular, being closed corresponds to X = r = 0 and d¢ = 0 in the identities above.

6.2 Killing Spinors on Courant Algebroids

We introduce now the equations of our main interest in the most general set-up. These
equations were introduced in [36, Definition 5.6] generalizing the ones from Chapter

6.2.1 Generalized Connections and Dirac-type Operators

First, we will start the study of connections in the setting of generalized geometry.

Definition 6.2.1. [38] A generalized connection D on E general Courant algebroid is a
first-order differential operator D: I'(F) — I'(E* ® E) satisfying the Leibniz rule, and
certain compatibility condition with the pairing (-, -). Explicitly, using the notation

Dgb := {(a,Db), fora,beT(E),
we have, for a,b,c € I'(E) and f € C*°(M), that
D, (fb) = m(a)(f)b+ fDgb, and 7(a) (b,c) = (Dgb,c) + (b, Dyc) .

Remark 6.2.2. If D denotes the set of generalized connections on E, one can see that
it has structure of affine space modelled on the vector space I' (E* ® o(E)), where o(E)
denotes the bundle of skew-symmetric endomorphisms of F with respect to the bilinear
form (-,-). This works as follows: for a standard orthogonal connection V¥ on (E, (-, -)),
we can construct a generalized connection on E by

Dgb := VZ b, for a,b e T(E). (6.7)

a

Moreover, any other generalized connection on E is given by D+, for x € I' (E* ® o(E)).
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Definition 6.2.3. [38,[49] Given E a Courant algebroid and D a generalized connection
on FE, the torsion Tp of D is defined by

Tp(a,b,c) := (Dyb — Dya — [a,b],c) + (Dc.a,b), for a,b,c € T'(E).
Using the axioms of Courant algebroids and connections, then Tp € T’ (A3E*) .

Fix T € I'(A3E*), and consider the set D’ of generalized connections on E with fixed
torsion T'. Let o(a, b, ¢) denote the sum over all the cyclic permutations on a, b, c € I'(E).
Then, for D € DT and x € T' (E* ® o(E)), the condition for D’ = D + x to be in DT is
given by

Z (Xab,c) =0, fora,bcel'(E).
o(a,b,c)

Lemma 6.2.4 (|38, Lemma 3.6]). Let D be any connection with torsion T. Then, the
space DT is an affine space modeled on the vector space of mized symmetric 3-tensors

S =ex €T (E®) | x(a,b,¢) = —x(a,b,¢), Y x(a,b,c)=0p.  (6.8)
o(a,b,c)

From this, we obtain that the space ¥ admits a canonical splitting ¥ = ¥ ®T'(E), where
e € I'(E) corresponds to the mixed symmetric tensor x¢ defined by

x(a,b,c) = (a,b) (e,c) — (e,b) (a,c), fora,bcel'(E),
and the orthogonal complement of I'(E) is given by
TE
So=Sx€T | > x(aa;,")=0,. (6.9)
j=1

Here, the value rg € N denotes the rank of £, and {a; };i , is an orthogonal local frame
for £, where {a; };i , are the orthogonal local frame of E defined to be its dual. That is,

(aj,ar) = 5;-“, for j,ke{1,...,rg}.
More explicitly, given x € I' (E* ® o(F)), there is a unique decomposition
X = Xo + X" (6.10)

where xo € I' (E* ® o(E)) is such that

and
xXeb=(a,b)e— (e,b)a, fora,be(FE)
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with

1 &
e= — Zxa].aj.
j=1
It follows by construction that x — x¢ € 3.

Remark 6.2.5. [36] The E*-valued skew-symmetric endomorphism € in the decompo-
sition is reminiscent of the “l-form valued Weyl endomorphisms” in conformal
geometry, which appear in the variation of a metric connection with fixed torsion upon
a conformal change of the metric. Similarly, these E*-valued Weyl endomorphisms x°
enable us to deform a generalized connection D with fixed torsion T inside DT. It will be
important to study the interaction between this space D’ and divergence operators div.
This allows us to “gauge-fix” the Weyl degrees of freedom in the space DT corresponding
to I'(E) in the splitting ¥ = ¥¢ @ I'(E). We will call this procedure Weyl gauge fizing.

Definition 6.2.6. [38] The divergence operator of a generalized connection D on E is
divp(a) :=tr(Da) € C*(M), foraecl'(E).

Lemma 6.2.7 ([36, Lemma 2.4]). Fiz T € T(A3E*), and let div: T'(E) — C®(M) be
a divergence operator on E. Then,

DT (div) ={D € D | Tp = T,divp = div} € DT
is an affine space modelled on ¥q, as defined in .

We introduce next the natural compatibility condition between generalized connections
and generalized metrics.

Definition 6.2.8. [38] Let E be a Courant algebroid, and fix E = Cy & C_ generalized
metric. We say that D generalized connection on E is compatible with Cy C F if

D(I'(Cy)) CT(E* ® Cy).

Remark 6.2.9. Let D (Cy) be the space of G-compatible generalized connections. It
defines an affine space modeled on I' (E* ® o(C)) @ T (E* ® 0(C-)). Consequently, any
D € D (Cy) splits into four first-order differential operators satisfying the Leibniz rule

DT I(Cy) —T(C*®Cy), D;:T(C.) —T(CreC.),

DI:T(Cy) — T (Ci®Cy), DZ:T(C_) —T(Cr®C-).

The operators DT : I'(Cy) — I'(C%h ® Cy) are said of pure-type, whereas the operators
DjiF: [(Cy) — T(C3:®Cy) are called mived-type. Moreover, we will say that the torsion
Tp is of pure-type when Tp € T (ASCT; & A3Cf).

Our next result shows that the mixed-type operators are fixed, if we vary a generalized
connection D inside D(G) while preserving the torsion. Furthermore, when the torsion
is of pure-type, these operators are uniquely determined by Cy and [-,-].
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Lemma 6.2.10 ([36, Lemma 3.2]). Fiz D € D(Cy) with torsion Tp € T(A3E*).
e If D' € D(Cy) and Tp: = Tp, then (D'): = D=.
e Furthermore, T is of pure-type if and only if the mized-type operators D$ are

Dy by =la_,by],, Da, b =lay,b_]_, forabel(E). (6.11)

Now, we must analize the space of torsion-free G-compatible generalized connections
DCL) :=D(C:)ND" = {D e D(C+) | Tp =0} .

Proposition 6.2.11 ([36, Proposition 3.3] Many Levi-Civita GCs). Let Cy be any
generalized metric on E Courant algebroid. Then, we have that DY(Cy) # 0.

Proof. We construct D a C';-compatible generalized connection of pure-type torsion on
E, defining D§ by (6.11)), and Di by choosing V¥ metric connections and using (6.7).

Finally,
1

DY:=D-_T
3 D,
where we use the metric (-,-) to regard Tp € I'(V} @ o(V4)) @ I'(V* ® o(V_)). Crucially,
the pure-type condition on Tp implies that D is C-compatible. O

The space D° (C) forms an affine space, modelled on the pure-type mixed symmetric
3-tensors ¥, ® Y_, where X* =T (C’f‘g) N3, for ¥ as in . So, there are canonical
splittings

vt =vFoT(Cy), (6.12)
where the first summand corresponds to “trace-free” elements, in analogy with . To
see this, denote by r4+ the rank of C, and consider the orthogonal dual local frames

{af,ajt};il CT(Cy).

Then, (6.12) corresponds to
XT=xp + X,
for a general element y* € T (CjE ® o(C’i)), where XS—L is such that

Tt
£ |+
Z (XO )a;-t aj =0,
j=1
and
(X&), be = (as,bs) ex — (ex,bi) ax, for a,b e T(E) (6.13)
with -
_ 1 +~+
== re—1 ;Xajaj '
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At last, we will introduce the space of torsion-free metric connections compatible with a
fized divergence operator div: T'(E) — C*°(M). So, given (Cy,div) a pair formed by a
generalized metric and a divergence operator, we define

DY (Cy,div) = {D € D(C) | Tp = 0,divp = div}.
By Lemma this space forms an affine space modeled on X§ @ ¥ .
Lemma 6.2.12 ([38, Lemma 3.17]). Let Cy be any generalized metric on E Courant
algebroid, and div a divergence operator. Then, we have that D° (Cy,div) # 0. Further-
more, an element D € D° (Cy,div) is given by the formula

1 1
D =Dy~ 3Toy + - (7 +x7).

3 1
where div¥ —div = (e, ") — (e_, ), for ex € I'(Cy), where x5 is as defined in (6.13).

By Lemma [6.2.12] the freedom in the previous construction of torsion-free generalized
connections compatible with Cy corresponds to a choice of the pure-type operators

DI:T(Cy) —T(CL®Cy), DIZ:T(C-) —T(C:®C-).

It was proved in [36] that one can define a pair of Dirac-type operators that are indepen-
dent of these choices, once we have fixed a divergence operator div on the Courant alge-
broid E (see Lemmal6.2.7). Fixed Cy a generalized metric, let C1(C) be the bundles of
the Clifford algebras of Ct. We assume that Cl(Cy) admit irreducible Clifford modules
Sy such that T'(End Sy) 2 T'(Cl(Cy)). Furthermore, we assume that the line bundles

1

(det S%) "=

exist, and let us denote
1
S=54® (det Sft) TSt

where rg, denotes the rank of S4. With these assumptions, for any choice of a connection
D € D°(Cy), the operators Di induce canonically the spin connections

DI :T(8y) — T(CL®Sy), D :T(S.) —T(C*®5.).

In these circunstances, we can introduce the desired operators as follows.

Definition 6.2.13. [36] Any generalized connection D € D°(C.) determines a pair of
Dirac-type operators

DYiT(Sy) —T(Sy), D :D(S.) —T(S.),
given explicitly by

:
a]

T4
DEa = Zfif . DS_ioz, for « € T'(Sy),
j=1

T+
where we choose the orthogonal dual local frames {a;-t, 5;5} L CI'(Cy).
j:

Lemma 6.2.14 ([36, Lemma 3.4]). D* are independent of the chosen D € D° (Cy,div).
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Before ending, notice that the canonical operators D$ associated to a generalized metric
Cy C FE (see Lemma|6.2.10) induce the spin connections

D% :T(51) — I(C* ©51), D :T(5.)—T(Cte5.).
We are ready to introduce the following notion of Killing spinors on Courant algebroids.

Definition 6.2.15. [36] Let E be a Courant algebroid over a spin manifold M. We will
say that a triple (Cy,div,n) given by C; C E a Riemannian generalized metric with
spinor bundle S4, a divergence operator div: I'(E) — C*°(M), and a non-vanishing
spinor 0y € I'(S1), is a solution of the Killing spinor equations, if

D51 =0, (6.14)
Dy =0, (6.15)

where operators Dii and lﬁi are defined above. If we have solutions in both C';. and C_,
we will say that we have pairs of solutions of the Killing spinor equations on E.

Notice that, unlike (6.15)), the equation (6.14) only depends on the pair (C4, 7). Indeed,
by Lemma [6.2.12| and Lemma the Dirac-type operators depend on div.

6.3 The Hull-Strominger System on Courant Algebroids

Now, we reformulate the Killing spinor equations introduced in Chapter [9| for string
Courant algebroids. These will be related with the twisted Hull-Strominger system. Let
M be an 2n-dimensional smooth spin manifold. Let K be a compact Lie group, and fix
(-,-) : t® €t — R bi-invariant non-degenerate pairing. Consider p: P — M principal
K-bundle, and A principal connection on P with associated curvature Fiy € Q?(M, ad P)
solving . The Killing spinor equations as introduced in Chapter [5| with these extra
integrability conditions are motivated by the Hull-Strominger system [568, [87]. Its study
was initiated by the works of Fu-Li-Yau [31] [32] [6§].

Definition 6.3.1. [39] We say that a triple (¥, w, A), given by an SU(n)-structure (¥, w)
on M compact 2n-dimensional complex manifold, with vanishing first Chern class, and
A principal connection on a principal K-bundle P — M, is a solution to the twisted
Hull-Strominger system if

F?=0,  Fahw™ =0,
dv — 0, NV =0,

df, =0,
ddcw—<FA/\FA):0.

(6.16)

Here 6, is the Lee form (5.4) of w, and d° :=1 (5 — 8) is the conjugate differential. In
particular,
d°w (- ) = —dw (J-, J-, J-),
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where J denotes the complex structure on M. When K = {1} (so, Fi4 = 0), we say that
an SU(n)-structure (¥, w) on M is a solution to the twisted Calabi-Yau equations if
dVv —0,N\N¥ =0,
do,, =0, (6.17)
dd‘w = 0.
We say that an almost hermitian structure (J,w) is pluriclosed if dd‘w = 0,.

Remark 6.3.2. [39] A solution of the twisted Hull-Strominger with [6,,] = 0, is equiva-
lent to a solution of the Hull-Strominger system [39]. If we have a solution to the twisted
Calabi-Yau equations with [,,] = 0, it determines a K&hler-Calabi-Yau structure on M.

These equations are really important for the present work, since these are equivalent to
the Killing spinor equations under certain conditions. Let M be a smooth 2n-dimensional
spin manifold, and P — M principal K-bundle with K compact Lie group. Remember
that, in even dimensions, a spinor bundle for M decomposes as

Sy =8fos:,

where the factors correspond to irreducible spin representations. In these circunstances,
we recover the next result as a consequence of Proposition [5.1.5| and Proposition [5.1.6

Proposition 6.3.3 ([35, Theorem 1.2]). A solution (C4,divy,n) to the Killing spinor
equations on a transitive Courant algebroid E over a spin manifold M with (Cy,divy)
closed andn € T’ (ij) pure is equivalent to a solution (¥,w, A) of the twisted Hull-Stro-
minger system @ . In particular, for K = {1}, a solution (Cx,divy,ny) of the Killing
spinor equations on E exact Courant algebroid over a spin manifold M for (Cy,divy)
closed and n € T’ (SI) pure is equivalent to a solution for the twisted Calabi-Yau equa-
tions (6.17). Here, notice that

divy := divlg, , H = —dw, divo—div=20,.

Remark 6.3.4. Having a solution to the Killing spinor equations of the form (CL, div, )
on a transitive Courant algebroid E over M is equivalent to Definition [5.1.1] when we
add the integrability condition (6.2]). Indeed, notice that we can construct generalized

connections as above from (5.1]) and (5.2)) using , since
Ci={X+9gX)| XeTM}=TM

in transitive Courant algebroids (see [36, Section 3.3] for details). Note that the condition
for Cy to admit an irreducible Clifford module implies that M admits a spin structure.
So, if M is 2n-dimensional and 7 is pure, we obtain an SU(n)-structure. Now, suppose
that we have pairs of solutions to the Killing spinor equations (Cy,div,n+) on a exact
Courant algebroid F over a smooth 2n-dimensional manifold M. In this case, we can
characterize pairs of equations as in Definition doing the same as above, since we
have isomorphisms 74 : Cy+ — T'M, and

1 1
Cr={X+g(X) | X € TM}=TM, V*=V'x g 'H, vEs = V9 & G0

makes sense in the exact case. In particular, we obtain an SU(n) x SU(n) structure.
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6.3.1 The F-term Conditions on String Courant Algebroids

Let E be a transitive Courant algebroid over a 2n-dimensional smooth manifold M en-
dowed with a complex structure J. We can consider the complexification F ®g C of our
Courant algebroid, which is the C-linear extension of E. Now, we will see what happens
when we introduce an integrability condition for the presented Killing spinor equations.

Definition 6.3.5. [38] An almost lifting of T%'M to E ®g C is an isotropic subbundle
{C EQrC

mapping isomorphically to 7% M under the C-linear extension of the anchor map. That
is, m(¢) = T M. This one is called integrable, or lifting, if £ is involutive for the Dorfman
bracket. That is, [¢,¢] C ¢. A generalized metric Cx C E is said compatible with J if

t={e€Cy®rC|m(e) e T™M}
is a lifting of 7% M to E®r C. So, we have that £ C Cy ® C is isotropic and involutive.

Remark 6.3.6. Any solution (w, ¥, A) of the twisted Hull-Strominger system on
M is equivalent to having a string Courant algebroid E := E_ge, 4 for which we have
solutions (g, —d‘w, A) and (g, —d‘w, A,w, ¥) to the F-term and D-term conditions, res-
pectively, with dp = 0, where (—d‘w, A) satisfies (6.2)). In particular,

Ci={X+g9X)| XeTM} and C_ ={X —g(X)+r | X €eTM,r € ad P}
determine a J-compatible generalized metric Cx C Ep 4.

Proposition 6.3.7 ([38, Theorem 7.56]). Any generalized metric C+ C E of the form
(6.5) is compatible with J complex structure on M if and only if the triple (g, H, A)
satisfies H = —d‘w and F2’2 = 0, where g is compatible with J and w(-,-) = g(J-,-).
That is, if and only if (g, H, A) satisfies the F-term conditions from Definition [5.1.7
6.3.2 The D-term Conditions on String Courant Algebroids

Let (g, H, A) be any solution to the F-term conditions on M, and consider the string Cou-
rant algebroid F := Fy 4 over M. In particular, we can consider

(=™ (T""M) C Cy ®r C.

Then, for {z; };L:l choice of local holomorphic coordinates on U C M, we can define

; 0 0 0 -

€ =€ <8> =~ +g-— €l (UJY) and ¢ :=g 'dz; +dz; €T (U,{) (6.18)
7 4 4

isotropic local frames, for j € {1,...,n}, so w (¢;) = g~ *dz; € T'OM, for j € {1,...,n}.

Lemma 6.3.8. The frames (6.18) satisfy that

[ej,ek]H’A =0, forjke{l,...,n}. (6.19)
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Proof. For j, k € {1,...,n}, using the formula in [35, Proposition 4.3], then

salna:= [ (2 ) ()] = (|2 2]
; 07 0z, HA 9z; 0z, H+idw,A

: 0 0 0 0
— oW - _F - H y
e ([873" 82;@} A <82j’ sz> —I—LagkLa% ( +Zdw)>

o 0 — _
0,2 . .
=—F, <62]~’3§/€>+L6 Lo (—z@w+18w):0,

0z 0%

by F-term conditions ([5.7)), since H = —d‘w and Fg’2 =0. O

Lemma 6.3.9. Let E be a Courant algebroid over M endowed with a Riemannian metric
g, which is compatible with the complex structure J on M. Moreover, assume that M ad-
mits an atlas A of holomorphic coordinates such that the holomorphic Jacobian of any
change of coordinates has constant determinant. In this atlas, we define the isotropic lo-

cal frame {ﬁjan}?zl as in (6.18) such that satisfies (6.19). Then, the local section

n

> e g) (6.20)

J=1

is global. That is, it does not depend on the frames we have chose.

n
Proof. For {zj’} - other choice of local holomorphic coordinates on U’ C M such that
]:

e;- = e (;) ce?l (U’,K) and E;- = g_ldE;- +d§;- eel (U’,Z), for j €{1,...,n}
J

is a new isotropic local frames satisfying the same properties above, we must prove that

n n

D lengl =" [g.8].

j=1 j=1
Let us suppose that
n n
e; = ZA;?ek and E;- = ZBJI?Ek, for j € {1,...,n},
k=1 k=1

for the matrices

A= (Aé?)j,ke{l,...n} B= (Bjk)j,ke{l,..n} € Mat,, (C=(M))

for the change of coordinates. The isotropy condition implies B = A~!. Indeed,

n n n
8 = (€, et)= > AlBp(Em &)= > ALB"=> Al B
m,r=1 m,r=1 m=1

85



Supersymmetric Vertex Algebras and Killing Spinors

Then, by Courant algebroid axioms, (B.10) and Jacobi’s formula (see Appendix [B.6]),

n n

n n
Sl = | X Alr@) (B em— > Bywem) (AL) e + e8]
j=1 =1 \k,m=1 k,m=1
+ 2dlog det A.
Since det A € C by hypothesis and
n
<Z [E;,E;] ,e§€> =0, forke{l,...,n},
j=1
by Courant algebroid axioms and (6.19)), everything reduces to prove that

7 (€x) (B;n) =0, forj,k,me{l,...,n}

because BJ" is antiholomorphic, and (€x) = O for j,k,m € {1,...,n}. Indeed,

0 =0z, 0 =[0z\ 0 ,
2 = - f 1,
az; ;azjaz; z::<azj>a" orj €L}

for our change of coordinates, so, since €' is C-linear,

o tw 0 o w . azllf 0 _ . az;c w 0 _ . azllc

SO

noo . oz
ZBiek, for j € {1,...,n}, so B] = <£“>, for j,k e {1,...,n}.
j

Finally, from above identities, we obtain that

(&) (Bjm) = de: ngt<3zm> 0z ; kt&zm 0z =0

for j,k,m € {1,...,n}, since 529 = 0 thanks to holomorphicity, for j € {1,...,n}. O

Remark 6.3.10 (Holomorphicity on CA). By the proof of Lemma we can give
an abstract notion of holomorphicity for a change of frames on any general Courant
algebroid F. Indeed, using the same notations as above, a change of frames on F is said
holomorphic if the matrices A and B satisfy that

(@) (BI) = 0= (e,) (Ai) . for j,k,me {1,...,n}.
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At last, we are ready to prove the following key result, where we compute the value of the
section in Lemma W For that, we consider the string Courant algebroid Ey 4 deter-
mined by a solution (g, H, A) to the F-term conditions. We have oy : TM — Cy the
isomorphism given by the generalized metric . Even more, define

o (X)=X—-g(X)eC_, for X € X(M).
Notice that this only gives an isomorphism when E is exact. We have the following.
Lemma 6.3.11 ([36, Equation (7.5)]). The Bismut connection satisfies that
[0 (X),0.(V)lga=0r (VXY —g " (wFa,7)), for X,Y € X(M). (6.21)

Lemma 6.3.12. Let M be a complex manifold of complex dimensionn. Let (¥,w) be an
SU(n)-structure on M satisfying (5.9). Assume that (g, H, A) is a solution of the F-term
conditions, with g = w(-,J), and consider the associated Courant algebroid E = Ep 4.
Now, take the involutive and isotropic frames (6.18)) constructed via the atlas in Lemma

. Then, the global section (6.20)) is given by

S lei@lga=or (97 (65°) —o- (97" (b)) + iAuFa € T(E @ C). (6.22)
j=1
Proof. Consider w := o_(v) € I'(C— ®g C). By (6.21)), using Courant algebroid axioms,

<Zn: [Ejvej]H,A’w> = Zn: <€j7 [U—(”)70+ <aazj>]HA>

J=1 J=1

n B B B 8 -
:Z<g 1dzj+dzj,o+ <Vj82] -9 1<La{zijA,T>>>

j=1

- 0 _ 1
:Zd?j (V:{az> —g(g 1<L63_FA,7">,9 1dzj>
j=1 J 7
n 9 .
:A_Z Fa gag dzj T )
j=1 J
where
- 0
A= Z ([ Vi— .
;dz] <Vv 8zj>

Suppose without loss of generality that v is real. Then,

_ & o

j=1
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Let VZ' be the connection in ICX; = A"TYOM induced by V*. Taking traces,
VP (@) =db+ Y (I‘;idzj- ®®+ T dz © c1>) . for ® €T (K;}),
ij=1
where the Christoffel symbols are defined by
0 "0 / 0
r It B = for j,k € {1,...,n}.
Z J’“azz <8zk> ; oz TV (8zk>’ or ik € (L}

So, Vv = 1,d + A. Let V¢ be the Chern connection on Kj;. By Gauduchon’s formula
[42, Equation (2.7.6)], since Q = e~/«W is holomorphic with ||Q2||,, = e/, we have that
V¢ = d—20f.,, which implies that the connection V2 in Kj; induced by V7 is given by

VP =d—-20f, —id*w=d—df, = d—0,,

so VB = d+6,,, which is real. In conclusion, we have obtained that A = A = 6,,(v). The
other quantity is proportional to A, Fa, defined by (5.5)). Even more, for any

n
F =) Fydz Adz; € QY1 (M),
ij=1

. - 9 4.
7j=1
We can compute this for a neighbourhood of p € M such that
= % 3 dzj A dz;.
j=1

In summary, for any w := o_(v) € I'(C_ ® C) is satisfied that

<Z [ej’EJ]H,A ,w> = 0,(v) —i (AuFa,w).

J=1

we have that

Now, notice that by Courant algebroid axioms and (/6.19)),
<Z (€52 €] pr 6k> = Z <Ej, ek, 6j]H,A> =0, forke{l,...,n}.
j=1 j=1

At last, since €, = 2dz, +o_ (g_ldék) , for k € {1,...,n}, by Courant algebroid axioms,
holomorphicity and (6.21)), since dzj is exact,

<i €5, €5]a,4 v€k> = i <€j, (€ Gj]H,A> = i <€j» [0 (97" d2s) 7€J]H,A>

=1 =1 =1

= Zdz] < _lekaa> =00 (97 dzy), for ke {1,... k}.
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In summary, we conclude that

n
Z [ejvgj]H,A =0, + 93,’0 - g‘leg’l + 1AL F 4. ]
=1

Notice that, from (6.22), we obtain that

<z 5 elna 3 [ej,ej]H,A> g (00 = s (629

j=1 J=1
In summary, we have arrived at the following result.
Proposition 6.3.13. With the hypotheses of Lemma let p = —0, € T'(E) be the

section associated to minus the closed Lee form. Then, if (9, H, A,w, V) is a solution to

the D-term conditions from Deﬁnition the identity (6.22)) is equivalent to

e~
) Z (€5, 6]‘]1{,,4 =T =¥, (6.24)
j=1

where 7 Eg 4 @r C — ¢ denotes the canonical projection. Moreover, we have that

[g0,~]H7A:0 and (g, p) =0.

Proof. The fisrt part of the statement follows directly by Lemmal[6.3.12] Indeed, we have
that the two equations and ([6.24]) are equivalent when ¢ = —0,, and A,F4 = 0.
The last part of the statement follows from df,, = 0, by the formula for the pairing
and the bracket corresponding to string Courant algebroids. O

6.3.3 The F-term and D-term Conditions on Complex CAs

We are going to write in a formal set-up the F-term and D-term conditions in Section
[b.1.1]for transitive Courant algebroids. Note that the following reformulation makes per-
fect sense for general Courant algebroids over smooth manifolds. Fix E¢ complex (transi-
tive) Courant algebroid over M smooth manifold (see [37] for more information on this).
Let

L={l®lC E° |1, are isotropic and (-, i@ 18 non-degenerate }

be the space of non-degenerate isotropic subbundles. By definition, given an element
Cy:=1&®1 € L, we have a canonical identification I* = [. We will write

Ty BEC— Cy, m:EC— 1, mp EC—1

for the orthogonal projections, which exist by assumption. So, when there is no possible
confusion, we will use the simplified notation

ay =mya, @ =ma, a;=ma, foraecT(E). (6.25)
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Definition 6.3.14. [2] We say that an element [©1 € £ satisfies the (algebraic) F-term
condition if ) B
(1,0 C 1, [, cl (6.26)

We will use a weaker variant of (6.26)). Explicitly, we will refer independently to the
condition

L Clel, L] Clal, (6.27)

Remark 6.3.15. Note that the weaker variant of the F-term condition (6.27)) is equiva-
lent to

G ] ci [een ] ct
+ +
Now, given [ @[ € L, we fix a dual isotropic frame {¢;,€; }?lznil of L& 1. So, we have

<6j, 6k> =0, <6j,€k> = (Sjk, (Ej,gk> =0, forj ke {1, e diml}. (628)

Suppose that M admits an atlas of holomorphic coordinates such that the holomorphic
Jacobian of any change of coordinates has constant determinant, for which we can cons-
truct the dual isotropic frame {¢;,€; }Ehznil of I @ as in (6.18)) such that satisfies

lej,ex] =0, for j,k e {l,...,diml}. (6.29)
The first part of Proposition [6.3.13] motivates the following notion.

Definition 6.3.16. We say that (@l € £ satisfies the (algebraic) D-term condition with
Lee form ¢ € I'(E°) if, for {ej,Ej}?lzn}l of | @1 any frame as in (6.28)),
1 dim!
52 G El=vr—e. (6.30)
j=1

We have that the left-hand side of (6.30)) is a well-defined section by Lemma We
will use a weaker variant of (6.30]). Explicitly, we will refer independently to the condition
1 dim{ -

52l teelal (6.31)

j=1

The following notion will be used independently in the present thesis when we arrive at
Chapter although it follows directly by Proposition [6.3.19]in the given conditions.

Definition 6.3.17. Any element a € I'(E°) is said to be closed if
[a,e] =0, foree(E, and (a,a)=0. (6.32)

The presented viewpoint will be useful in Chapter [10| to construct embeddings of SUSY
vertex algebras from F-term and D-term conditions in the most general set-up. In other
words, we will forget the underlying manifold M to construct embeddings from a general
Courant algebroid to which we can endow the presented different conditions.
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Chapter 7

The Killing Spinor Equations on
Quadratic Lie Algebras

Now, we will study the Killing spinor equations over a real quadratic Lie algebra (g, (-]-)).
An important feature of the Killing spinor equations in this case is that they can be regar-
ded as algebraic conditions on the quadratic Lie algebra. We will focus on the equations
for pure spinors when the rank of the generalized metric g = V4 @ V_ is even (that is, if
dim V; = 2n, for ny € N). This content appeared in [2, Section 2].

7.1 Killing Spinors on Quadratic Lie Algebras

We will study several notions introduced in Chapter [6| when the base manifold is a point.
In this case, a Courant algebroid becomes a real quadratic Lie algebra (see Remark,
and the main concepts introduced in Chapter [6| become purely algebraic. Let (g, (-|)) be
a real quadratic Lie algebra (see Definition . We introduce the following notions.

Definition 7.1.1. [2] We have the following;:
o A generalized metric on g is an orthogonal decomposition
g= V+ S va

so that the restriction of (:|-) to V4 is non-degenerate. We say that the generalized
metric is Riemannian if (-|-)]y, is positive definite, and (-[-)[y, is negative definite.

e A divergence on g is an element o € g*.

e Let g =V, @ V_ be a generalized metric and Cl (Vy) be the complex Clifford alge-
bras of Vi @R C (see Definition[4.2.1)). Fix irreducible representations S1 of C1(V4.).
Their elements 1L € S1 are called spinors.

Given a generalized metric Vi C g, the associated orthogonal projections will be denoted
by
g — Vi,
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When there is no possibility of confusion, we will use the shorter notation
a+ =7+a, foraé€g.

In the sequel we will only consider Riemannian metrics, but a similar analysis can be
carried out in other signatures. Observe that a generalized metric is uniquely determined
by a choice of the positive-definite subspace V; C g. We will identify divergences with
elements a € g via the isomorphism g = g* induced by the bilinear form (-|).

Definition 7.1.2. [2] Let Vi C g be a generalized metric. We will say that a € g is an
infinitesimal isometry of V. if
[a, Vi] C Vi.

In this case, we will say that (V,a) is a compatible pair.
Definition 7.1.3. [2] We have the following:
o A generalized connection on g is a linear map D: g — g* ® g such that
(Dgblc) + (b|Dgc) =0, for a,b,c € g.

The notation Db stands for the elements in g obtained from a and Db given above
via the natural duality pairing g ® g* — R. The space of connections is denoted
by D(g), and can be canonically identified with g* @ A%g.

e Given a generalized connection D, its torsion Tp € A3g* is defined by

Tp(a,b,c) = (Dgyb — Dya — [a,b]| ¢) + (Dcalb), for a,b,cc€ g.

Let V3. C g be a generalized metric. A generalized connection D is said V. -compatible if
D(Vy) C g* ® V4. The space of Vi-compatible connections is D(V}.), while the space of
torsion-free V-compatible connections is

DY (Vi) ={D e D(V4) | Tp = 0}
Now, fix V. C g any generalized metric. Notice that there is a canonical identification
D(Vy) 2 g* @ (A°V, @ A°V),
so any D € D(V,) splits into four mixed-type and pure-type operators
DY e V*@A?V,, D e Vi®AV_,
DI eVi®AV,, DZeV*®AV._.

By Lemma|6.2.10), both mixed-type operators DfFE are uniquely determined by the genera-
lized metric V, C g for any element D € DY(V, ). Indeed,

Dy by =[a_,by],, Dgb_=lay,b]_, fora,beag.
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Now, note that any connection D € D(g) determines a divergence ap by the formula
ap(a) = —trDa, fora € g.
Given V4 C g a generalized metric and € € g a divergence, we denote by
DO(Vi,e)={DeD(Vy) | trD = — (¢]-)}

the space of torsion-free V. -compatible generalized connections with a fixed divergence.
By Lemma [6.2.12] we can define an element D € DY(V,,¢), for a,b € g, by

1 Gatby | da b
Db =Dy by + Dy, b + 3 ([as,by]y +[a—,b]_ ) + - + (7.1)
where ny = dim V3 and ¢+ € VI ® A%V, and are defined from ¢ € g by
(béib:l: = (ax|by)esr — (ex]by)ay, fora,be g. (7.2)

Consider Cl(V4) the associated complex Clifford algebras, and fix irreducible representa-
tions Sy of Cl(V4). For any choice of D € D(V,), consider the induced spin connections

DY € V¥ ®End(Sy), D% € V*@End(S_).
. + n+ . . . j n4t
Fix {aj }j:1 an orthogonal basis of Vi with dual basis {ai}jzl.
Definition 7.1.4. [2] Given D € D°(V, ¢), we define a pair of Dirac-type operators
D' €End(Sy), P~ €End(S_),

given explicitly by
n
+ j s
Done =Y a\-D’tns, forns €Sy,
=1 ’

where - denotes the Clifford multiplication.

This construction is independent of the chosen basis. Furthermore, these Dirac operators
are independent of the choice made for D € D°(V,, &) by Lemma We are ready
to write the desired equations. Notice that the Dirac-type operators depend only on the
divergence € € g (more explicitly, on the projections e+ = mye). The canonical operators
DjiF associated to V. C g generalized metric induce for S1 the spin connections

D%t e V*®End(Sy), D) €V ®End(S_).

Definition 7.1.5. [2] We say that a triple (V,e,n+) given by V. C g generalized metric
for which there exists the spinor bundle 5S4, a divergence e+ € g, and a non-vanishing
spinor n+ € Sy, is a solution of the Killing spinor equations, if

D s =0, (7.3)
e =0, (7.4)

where the operators fo and lﬁi are defined above. When we have solutions in both V.
and V_, we say that we have pairs of solutions of the Killing spinor equations on g.
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Now, we will give a more amenable characterization of these equations for the quadratic
Lie algebra case, something that we cannot do for general Courant algebroids.

Lemma 7.1.6 (|2, Lemma 2.14]). A pair (Vi,n+), given by a generalized metric Vi C g
and a non-vanishing spinor ny € Sy, is a solution of (7.3)) if and only if

+ * .
D e VI ® LieGy,,
where Gy, C Spin(Vy) is the stabilizer of ny.. More explicitly, (7.3)) is equivalent to

nt

Z ([b;,aﬂ ‘a’i) a]jca;-—L N+ =0,

jk=1

for any choice of orthogonal basis § at " of Vi with dual basis a’ " and by € Vy.
IS i +

j= j=1

Proof. The first part of the statement follows simply from the identity (4.3]), since
LieG, ={BeAVy | B-n=0}.

As for the second part, an endomorphism A € End(V.) satisfies

A= "Zi’: (Aa}t ‘alj[) (a{t‘ ) ®af.
jik=1

Since ‘
(aji’ ) ®ay — (ai‘ ) ®0ij»E eso(Vy), forjke{l,...,ny}

embeds as %aﬂcaf in C1(V4), an endomorphism A € so(Vy) corresponds to

n+

1
A= 4%:1 (Aa;.t ‘a’;) diat € ClV).

Then, given a spinor n+ € S, we have for by € V. that

nt

1

+ +

Db:Fnj: =1 E ([b;,aj } ’ai) a]f:ajc . O
jk=1

Lemma 7.1.7 ([2, Lemma 2.16]). A triple (V},e,n4+) as in Definition[7.1.5)is a solution
of (7.4) if and only if

ni
1 + 4+ . .
J k_ J * _
6 Z ([“kvai ] ’aj:) A
i,j,k=1

for any choice of orthogonal basis {a;t }:i of V4 with dual basis {azt }:;
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Proof. Consider D € D(Vy,¢) in (7.1). Arguing as in Lemma [7.1.6} for any by € V4,

ni
S 1
D= 35 (ut] ot
7,k=1
1 e
taom ) 2 ((e]ar) (ox fo) = (o4 ) (b ) Jata} ne
Ji:k=1
1 1
— + k k =+
Hence, setting
J
+ + j k j =+
Ce = 12 Z ([ak a; ] ‘aft) aiaia; - ni,
i7j7k:1

we have

n+
+ 1 J + +
ZD n+: = Ci + M;ai(é"iaj — aj Ei) s N+

1 = : 1
— J + —
= Ot g o (2] & —2m) e = G D
We conclude the section by showing that there exists a perfect match between the geome-
tric Definition[6.2.15] and the algebraic Definition provided that we consider invari-
ant solutions of (6.14]) and (6.15)) on homogeneous manifolds.

Definition 7.1.8. Let M be a manifold equipped with an action of a Lie group K. A
Courant algebroid E over M is equivariant if it is equipped with a lift of the K-action
on M that preserves its Courant algebroid structure.

Proposition 7.1.9 (]2, Proposition 4.5]). Let M be a smooth oriented spin manifold,
endowed with a left-transitive action of the Lie group K. Let E be an exact equivariant
Courant algebroid over M. Then, the space of invariant sections

g=I(E)"

of E, endowed with the induced bracket and pairing, defines a real quadratic Lie algebra.
Furthermore, there is a one-to-one correspondence between the invariant solutions to the
equations in Definition and the solutions to the equations in Definition|7.1.5,

Proof. The first part of the statement is straightforward from the axioms of a Courant
algebroid, transitivity of the action, and the equivariance of E. As for the second part,
it follows from the natural construction of the operators Dii and ﬁi using torsion-free
generalized connections done in Chapter [l Observe here that an invariant generalized
connection on E corresponds to an element D € g*®A?g as in Deﬁnition Similarly,
for an invariant pair (C,divy), one has

diVO\Vi —divye = <6:t, > S Ci. O
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7.2 The F-term and D-term Conditions on QLAs

Given (g, () real quadratic Lie algebra, we fix g = V; @ V_ a generalized metric and an
orientation on Vi. Let Cl(Vy) be the complex Clifford algebras of Vi and fix irreducible
representations Sy. Assuming that dim Vi = 2n4 for n4 € N, we have that Si split as
irreducible Spin(2n.)-representations by

Sy =Sf®s, (7.5)

which corresponds to the (+1)-eigenspaces for the action of the complex volume form

+ _ ong + +
Vg =1tay - ag,,,

ni
for a choice of an oriented orthonormal basis {a;:} C V4. That is, a basis satisfying

j=1
+
(%-

Let 74+ € S+ be now a pure spinor. By Lemma [£.2.6] it must have definite chirality. So,
either ny € ST or ny € S7. We know that ny € ST has isotropy group Gy, = SU(ny)
in Spin(2n4) by Lemma In particular, n4+ determines an almost complex structure
J on Vi compatible with (-]-)|;, and the orientation, such that the decomposition

ak::t> :(5;7 for j,kG {17"'7nﬂ:}‘

VE=VierC=V @ V!
in (+i)-eigenspaces is determined by
Vi’oz {a+ EVJ(FC ‘ a+-n+:O} and V! = {a_ ceVv® ‘ a_ - n— :0}.

Our goal is to characterize the Killing spinor equations in terms of this SU(n4 )-structure.
We fix a pure spinor n € Si (the case n € ST is analogue). Then, we have a model

Sy = A V!

in terms of the almost complex structure J on V. determined by this spinor, with Clifford
action
a4 -0 = \/§L(a1,o‘,)a + \@ai’l No, foroe Sy ay € Vi’o.
+

Here (-|-) denotes the C-linear extension of the pairing to the complexification V¥, which
is a symmetric tensor of type (1,1). With this identification, ([7.5]) corresponds to

#171,0 _ peveny,0,1 ddy 0,1
ANV = ATV @ AV
By Lemma in this model n = A € C — {0}. We fix an oriented orthonormal basis

C
{ai",Jai",... a’ Jaz+} CVy

» Yngo
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for (-].)]V+, with associated basis {Gj}@l - Vi’o and {E}F}Fl - VJ?’I defined by
Jj= Jj=
+ 1 + _ 7,7t =+ _ A+ 1 + s 7,T ;
€& = ﬁ (aj —ZJaj> and € =¢f = \ﬁ (aj —i—zJaj), for je{1,...,n4}.

Notice that the C-linear extension of our pairing satisfies
(rler) =0 (er|a) =ob (e|a) =0, forjke{l,...ns}
So, we have an isotropic basis. With the previous notation, we have the next result.

Proposition 7.2.1 ([2, Proposition 2.19]). Let (Vi,eq,n) be a triple, where we have
dim Vi = 2ny and ne € ST pure. Then, (Vi,ex,n) is a solution of the Killing spinor
equations if and only if

F) [vﬁl,vﬁ’l} c v, D) %Z [ejt,zﬂ = FJey. (7.6)

Proof. We start proving that the pair (V,74), with dim Vi = 2n4 and n4 € S pure,
is a solution of the gravitino equation (7.3) if and only if the conditions

n
F1) [le,vjl} c Ve, p1) Y [e;-t,éﬂ e Ve (7.7)
j=1
are satisfied. Assume n € Si. Given a_ € V_, define 7 € AV, by the formula

T(bt,c4) = ([a—, by][cy), for by, cq € Vi

We have identified V; = V{* with the isomorphism given by the induced metric on V.
Then, by Lemma there exists A € C* such that gravitino equation is equivalent to

T-n=71-A=0.

Decompose 7 as
7= 20 4 Ll 02

where 702 = 720. Using
€ -1=0,
€5+ 1= \/§€j,
€j€p -1 = 25;?,
we obtain
N4
7-n=2X%2% 42\ Z Tl’l(ej,Ej).
j=1

97



Supersymmetric Vertex Algebras and Killing Spinors

Thus 7 - n = 0 holds if and only if

o= (818) = ([o- ] ) = o[ 2287).
n4

0="> (a-llej %)),

j=1
forallby,cq € Vf. The statement follows from the fact that a_ can be chosen arbitrarily.
Similarly, n € ST pure is a solution of the gravitino equation if and only if
n—
1,0 1,0 C _ C
F1) (V200 cvE, D) Y[ e vE.
j=1
Now, we will prove that the triple (V,e4,n+), with dim Vi = 2n. and n+ € ST pure,
is a solution of the dilatino equation (|7.4)) if and only if the conditions

. Nt
F2) [V, VEJL c v, D2) 33" [ef,zji = TJes (7.8)
j=1

are satisfied. Assume 7 € Si. Define H € A3V, by the formula
H(ay, by, cq) = ([ag,b4]leq),  for ay, by cq € V.

Then, by Lemma the dilatino equation is equivalent to

1
CH A=, A
6 ot

Decompose H as
H=H%+ >+ g + H°?

where H30 = H93 and H?! = H2, Using
ehefe - 1=2v25e,

ere 1 =2v2 (s o),

we obtain

3
e = (1004 35S () -t

i=1

Thus (H — 6e4) - n = 0 holds if and only if
o= 1 (40,19 &%) = ([o22, 27| 42).

n4
— Lo A+ =+ 1,01 0,1
0= (o[[-5]) 2(«] ),
j=1

J=
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for ay,by,cy € Vf. Using the orthogonal decomposition g g C = Vf @ VC, and the
fact that ('|')|V+ is of type (1,1), we see that the dilatino equation is equivalent to

0,1 1,0,1 0,1 1 I L
[V+ ,V+} cVvy and 55 [ej,ej] =€,
+ - +
Jj=1
Using now
e I P Sl S A
e R e

for j € {1,...,n4}, it follows that
0,1 0T i 0,1 1,0 i
— q ’ y kl — +7+ ’ +7+ ’ i +*+
—Jey =iey +iey —22<[6j,6j}+ —l—[ej,ejLL)—QZ[ej,ej]Jr.
j= j=1

Similarly, a pure spinor 7 € ST is a solution of the dilatino equation if and only if

. NnN—

1,0 1,10 1,0 i __1
F2) [V, N Lgv, , D2)§Z[ej,ej]i—<]€_.
j=1
The desired result follows now by comparing (7.6) with (7.7)) and (7.8]). O

Remark 7.2.2. Let (V4,e4,n+) be any solution of the Killing spinor equations as in

Proposition and let . € ST be a pure spinor in the line corresponding to —J. It
follows from (7.6]) that (Vi,e4,n ) is also a solution of the Killing spinor equations.

7.2.1 The F-term and D-term Conditions on Complex QLAs

The study above suggests a weaker version of the Killing spinor equations, which forgets
about the real structure underlying the complex quadratic Lie algebra g ®r C, taking as
main object the isotropic subspace Vi’o C g®r C. This alternative point of view is more
flexible, allowing to work over an arbitrary field of characteristic zero. Let g be a quadra-
tic Lie algebra over a field C of characteristic zero. We consider the space

L={l®lCg |1 are isotropic and C1)eg 18 non-degenerate }

of non-degenerate isotropic subspaces. By definition, given an element V, :=1 @1 € L,
we have a canonical identification {* 22 [. We will write

g — Ve, mrig—l, wzzg—ﬂ

for the orthogonal projections, which exist by assumption. When there is no possible con-
fusion, we will use the simplified notation

ay =7ya, a =ma, a;=ma, foracag.

Since the (algebraic) F-term conditions for quadratic Lie algebras coincide with the ones
for Courant algebroids in Definition [6.3.14] we will not repeat them here.
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Definition 7.2.3. [2] Any element a € g is said to be

1. an infinitesimal isometry if
la, il Clal (7.9)

2. holomorphic if o
[a,]] C 1, la,1] C L. (7.10)

Note that condition ([7.10)) implies ([7.9). Moreover, the condition (6.32)) for quadratic Lie
algebras implies ((7.10). Notice that the previous notion gives a “holomorphic counter-

part” to Definition Indeed, in the following result we will study a salient feature of
holomorphicity for a divergence € € g in terms of the derived Lie subalgebras

[l,l] ’ [Z’ﬂ < g

Lemma 7.2.4 ([2, Lemma 2.26]). Assume thate € g is a holomorphic divergence. Then,
e is orthogonal to the derived Lie subalgebras of | and l. That is,
L[] . (7.11)

Proof. It is a consequence of the invariance for (-|-) and the isotropic condition on {,1. [

Now, given [ &1 € L, we fix a dual isotropic basis {¢;, €, }‘;fil of I® 1. So, we have (3.8).
Definition 7.2.5. [2] We say that an element [ &1 € £ satisfies the (algebraic) D-term

condition with divergence ¢ € [ @[ if, for {ej,Ej};h:Hil of [ @[ any basis as in (3.5,

N | —

dim
Z [Ej,gj] =¢e— €. (7.12)
=1

We will use weaker variants of (7.12)). Explicitly, we will refer independently to the two

conditions
dim

Y legglelal, (7.13)
=1
and
1 dim!
5 Z [Gj,Eer =¢€;— €. (7.14)
j=1

All vectors ([7.12)), (7.13)) and ((7.14) are basis independent. Indeed, the same proof as in
Remark for dual basis works here. This formal set-up was applied in [2] to obtain

embeddings from the N = 2 superconformal vertex algebras into the superaffinization of
quadratic Lie algebras, provided that both the F'-term and the D-term conditions are sa-
tisfied. The main results of this thesis will extend these embeddings to transitive Courant
algebroids using the results of Chapter[6] To obtain these new embeddings, we will need
some background about generalized Kahler geometry and the chiral de Rham complex.
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Chapter 8

Generalized Kahler Geometry

Now, we will review the basics of the theory of generalized Kéahler metrics on exact Cou-
rant algebroids, following [50]. This will be useful to understand the embeddings of SUSY
vertex algebras into the chiral de Rham complex we are going to build on.

8.1 Generalized Complex Geometry

We will give notions for almost generalized complex and Dirac structures. We also need
a notion of integrability. We describe generalized complex structures in terms of spinors.

Definition 8.1.1. [38] Given E an exact Courant algebroid over M smooth manifold,
an almost generalized complex structure on E is J € I'(End E) such that

(1) J2 = —1d.
(2) (Ja,Jb) = (a,b) for a,b € I'(F). That is, J is orthogonal with respect to (-, -).
Notice that the manifold M must be 2n-dimensional to admit such J € I'(End E).

Lemma 8.1.2 ([38] Section 7.1.1]). An almost generalized complex structure on E ezxact
Courant algebroid is equivalent to either:

(1) a reduction of the frames to a mazximal compact subgroup U(n,n) C O(2n,2n).
(2) a mazimal isotropic subbundle L C E ® C satisfying LN L = {0}.

Example 8.1.3 ([38] Examples of Almost Generalized Complex Structures).
Let M be a smooth manifold, with J almost complex structure and w € Q?(M). Then,

J 0 0 —w! \
Ty = <0 _J*>,jw.: (w 0 )eF(End(TM@TM))

define two almost generalized complex structure on the standard Courant algebroid.
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8.1.1 Dirac Structures and Integrability

The equivalent condition of having a maximal isotropic subbundle L C F ® C for which
LN L = {0} gives us the integrability condition for generalized complex manifolds.

Definition 8.1.4. [38] Let E be an exact Courant algebroid. An almost Dirac structure
on E is a subbundle L C F, which is maximally isotropic with respect to (-,-). We say
that L is an integrable Dirac structure if L is involutive. That is, [L, L] C L.

Let us consider (I'M & T*M, (-,-) ,[-,:];y » ) exact Courant algebroid with closed 3-form
H € A3T*M. For C C TM asubbundle and ¢ € A2C*, define the almost Dirac structure

L(C,¢) ={X+(eCOT'M | (ly = o(X,)}.

Lemma 8.1.5 ([38, Proposition 7.13]). Every mazimal isotropic L C TM @® T*M with
respect to (-,-) is of the form L(C,®). Moreover, this is integrable if and only if:

(1) The subbundle C is closed under the Lie bracket between fields.
(2) It is satisfied that vyvx(H + dp) =0 for all X, Y € T'(C).
Now, we can give the notion of integrability for almost generalized complex structures.

Definition 8.1.6. [38] For E exact Courant algebroid, we say that an almost generalized
complex structure J on E is integrable if the (4i)-eigenbundle L C F®C is an integrable
Dirac structure. An integrable J on E will be called a generalized complex structure.

Example 8.1.7 ([38] Examples of Generalized Complex Structures). Let M be
smooth, with 77, J, the almost generalized complex structures as in Example [8.1.3

e J is integrable if and only if J; is integrable.

e w is symplectic if and only if 7, is integrable.

8.1.2 Spin Formulation

Let CI(E) be the Clifford bundle of E exact Courant algebroid determined by a closed
3-form H, which is defined using the identification (4.1]). In particular, remember that
we can identify F =TM & T*M via the H-twisted bracket. Furthermore, consider

Spin(E) = {vy--- vy, € CI'(E)| v; € E, k €N, (vj,vj) = %1 for j € {1,...,2k}},
the associated spin bundle. Then, the action of E on the space Q(M) of polyforms
(X+()-d=1tx0+(N¢p, for X+ el(E),¢ecQM),

given by the Clifford multiplication of I'(E), extends to a natural action of the Clifford
bundle CI(E) on Q(M). Now, since TM is 2n-dimensional, as a spin representation, we
have that the space (M) splits into a direct sum

QM) = Q% (M) & Q¥ (M),

corresponding to irreducible representations, of positive and negative chirality. We turn
next to the study of Dirac structures on M in terms of spinors in QV(M) or Q°%4(M).
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Definition 8.1.8. [38] For p € Q(M) a spinor, we define the associated annihilator bun-
dle by
L,:=Anmn(p)={ecT(E)|e-p=0} CT'(E).

It is clear that L, is always isotropic, since

((a+b,a+0b) — (a,a) — (b,b)) - p=0, fora,bel'(E).

N =

(a,b) - p=
We will say that p is pure if L, is maximal isotropic. That is, it has dimension n.

Lemma 8.1.9 ([38, Proposition 7.18]). Every mazimal isotropic subbundle L = L(C, ¢)
is completely determined by a pure spinor line subbundle Ky, C Q(M). Given {01, ...,0}
a frame of Ann(C) and B € Q*(M) such that ©*B = —¢, where 1: C — TM is the
inclusion, then K, representing L(C, ¢) is generated by the pure spinor

p:€B91/\"'/\9k.

Consider an almost generalized complex structure J on E with associated complex Dirac
structure L C E ® C. Regarding Q(M) ® C as a representation of the complex Clifford
algebra bundle of £ = TM & T*M, the analogue of result above applies, and we obtain
a complex pure spinor line subbundle K7, C Q(M) ® C generated by the pure spinor

p=ePTwh A A by,

for B,w € Q*(M) and 64, ... ,0 a frame of LN (T*M ®C). Further, there is a one-to-one
correspondence between the line bundles in Q(M)® C, whose local trivializations consist
of pure spinors, and maximally isotropic subbundles of £ ® C.

Definition 8.1.10. [38] Let J be an almost generalized complex structure on M. The
canonical bundle of J, denoted by K7, is the line subbundle in Q(M) ® C given via the
one-to-one correspondence above by the annihilator subbundle associated to 7.

If Cp := 7y L is the subbundle associated to an almost Dirac structure L, this yields

QM) = D Uy, where Uy = Ky, Uy = AFAnn(C)* - Up. (8.1)
k=0

Definition 8.1.11. [38] The Mukai pairing is an invariant bilinear form on the spinors
of E defined by
(,): QM)@QM) — detT*M
(.0) = [6TAdg],,
where o +— o is the antiautomorphism of the Clifford bundle CI(E) determined by the

tensor map v1 ® - - QUg — U Q- - ®wq, and [-]top applied to forms indicates taking the
top degree component of the form. The Mukai pairing extends C-linearly to Q(M) ® C.

Lemma 8.1.12 ([38, Lemma 7.19]). Two mazximal isotropic subbundles L, L' C E ® C
satisfy LOL' = {0} if and only if their pure spinor representatives p, p’ satisfy (p, p’) # 0.
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We arrive at this characterization of what is an almost generalized complex structure.

Lemma 8.1.13 ([38, Proposition 7.20]). An almost generalized complex structure J on
E exact Courant algebroid is equivalent to a choice of a pure spinor line K7 C Q(M)®C
such that

= (p,p) # 0,

for p a pure spinor representative. Note that p € T'(det T*M) is a gobally defined volume
form that gives an orientation, which is independent of the choice of p, giving a global
orientation on the underlying manifold M.

Consider now the H-twisted differential dy: Q(M) — Q(M) acting on Q(M) by
dgp=dp—H Np, forpeQ(M).

This is independent of the choice we have done of the isotropic splitting. We will denote
by do: Q(M) — Q(M) the corresponding differential on E.

Lemma 8.1.14 ([38] Proposition 3.8]). Let J be an almost generalized complex structure
on E exact Courant algebroid over M smooth 2n-dimensional manifold, with associated
pure spinor line K7 C Q(M) @ C. Then, J is integrable if and only if for any local
trivialization p of K there exists a local section v € T'(L*) such that

dop = v - p. (8.2)

8.2 (Generalized Calabi-Yau Geometry

We will recall what we know as generalized Kahler and Calabi-Yau structures.

Definition 8.2.1. [50] For an exact Courant algebroid E, an almost generalized Kdhler
structure is a pair (J4, J—) of two commutative almost generalized complex structures,
for which G := —J;J_ is Riemannian generalized metric, called the generalized Kahler
metric of E. If (J4,J-) are both integrable, we have a generalized Kdhler structure.

Remark 8.2.2. [50] Note that on any exact Courant algebroid E the presence of a single
generalized complex structure, together with (-, -) the neutral inner product, reduces the
structure group of E to U(n,n). So, with this new notion, we obtain a further reduction.
Indeed, an almost generalized Kahler structure is equivalent to a reduction of the frames
to a maximal compact subgroup U(n) x U(n) C O(2n) x O(2n).

We want to describe now the geometric structures induced on the underlying manifold
M by the (almost) generalized Kéahler structure (7, J—). We need the following notion.

Definition 8.2.3. [50] An almost generalized complex structure J is said compatible
with a generalized metric G if GJ defines another almost generalized complex structure.
This is equivalent to being J and G commutative. Moreover, if we have that £ = C®C_
is the decomposition given by the metric, this means that J preserves C..
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Theorem 8.2.4 ([50, Theorem 2.18]). A generalized Kihler structure Jv on an exact
Courant algebroid E is equivalent to having a metric g which is Hermitian with respect to
two integrable complex structure Ji, and such that

+diwy = H,
for H € Q3(M) closed defined in (6.1)), and d. =i (Ei — ai).

Let (g, J1+) be a data corresponding to a generalized Kéhler structure Jy as above. Let
L4 be the (+i)-eigenbundles of J1. Since Ji commute,

L+ - €+ @ gi, L, - ZJF @27, (83)

where {4 =L, NL_and {_=LiN L_. Now, since G = —J4J_ has eigenvalue +1 on
{4 @ {4, we obtain a decomposition into four n-dimensional isotropic subbundles

C.®C=ly®ly, EQC=(,l_dlidl_. (8.4)

Example 8.2.5 ([50] Example of Generalized Kéhler Structure). Let M be any
smooth manifold, with J;, J, generalized complex structures as in Example(8.1.3] Then,
J is integrable and w symplectic. We have that the pair (7, J,) is commutative, and

B - 0 —Jw™\ [0 ¢!
o= = (0, )= %)

defines a Riemannian generalized metric on TM & T*M with g = w(-, J+).

Example 8.2.6 ([50] Hyper-Ké&hler Structures). Given an hyper-Kéhler structure
(M, g,1,J,K), we have that the triple (g, I, J) is an almost generalized Kéhler structure,
and, even more, this one is integrable, since it is satisfied that dw; = 0 = dwy. We can
reconstruct the associated two generalized complex structures, which are

7 RYEE-Y —(witFwih
:t_2 wry Fwyg —(I*ﬂ:J*) ’

We are ready to introduce the generalized Calabi- Yau structures as appear in [57]. As it is
mentioned in [91], these structures mimics the classical relation between the complex and
the special complex manifolds, rather than generalizing classical Calabi-Yau manifolds.

Definition 8.2.7. [57] Let E be an exact Courant algebroid over M smooth manifold.
An almost generalized Calabi-Yau structure on E is p € Q®V°4(M) @ C with (p,p) # 0.
We say that p is integrable, or generalized Calabi-Yau structure, if dop = 0.

By definition, the purity of p implies that the associated annihilator bundle L, is maximal
isotropic. Furthermore, the second condition is equivalent, by Lemma [8.1.12] to having
that L,NL, = {0}. Now, since L; = L, clearly, an almost generalized Calabi-Yau struc-

ture induces a decomposition
E®C=L,® L,
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In other words, we have obtained an almost generalized complex structure. Now, we want
a different formulation for the notion above from J an almost generalized complex struc-
ture. Let K7 be the canonical bundle of 7, and suppose that is trivial. Then, we can
split dy = O + 0 having that 9: Uy — Up_; and 9: Uy — Uy for the bundles Uy
defined in . We obtain the following result that gives an equivalent statement.

Lemma 8.2.8 ([91]). An almost generalized Calabi-Yau structure is equivalent to an
almost generalized complex structure J, whose canonical bundle Kz is trivialized by a
global section p € T'(K7) that is generalized holomorphic, in the sense that Op = 0 is
satisfied. Moreover, we obtain the integrability condition if we also require that dp = 0.

Example 8.2.9 ([91] Example of Generalized Calabi-Yau Structure). Let M be
a symplectic 2n-dimensional manifold with closed non-degenerate w € Q?(M). Then,

p= eiw7 (P,ﬁ) = aw",
for non-zero ¢ € R. So, (M, p) is a generalized Calabi-Yau manifold. It can be seen that

J. is the correspondent generalized complex structure. Let M be an special complex
manifold with  holomorphic volume form with associated J complex structure. Then,

p=9, (p,p)=22NQ#0,

by definition of Q, and (M, p) is a generalized Calabi-Yau manifold. It can be seen that
Js is the corresponding generalized complex structure.

We are ready for the last definition, which generalizes the classical Calabi-Yau manifolds.

Definition 8.2.10. [48] For E exact Courant algebroid over an 2n-dimensional smooth
manifold M, an (almost) generalized Calabi-Yau metric structure is determined by an
(almost) generalized Kahler structure (J4, J-) such that (M, J;) and (M, J_) are both
(almost) generalized Calabi-Yau structures with the corresponding pair of pure spinors
p+ satisfying the normalization condition given by

(p+,0%) = c(p-,p=),
for some non-zero constant ¢ € R.

Remark 8.2.11. [48] An almost generalized Calabi-Yau metric structure is equivalent to
a reduction of the frames to a maximal compact subgroup SU(n)xSU(n) C U(n) x U(n).

Example 8.2.12 ([55] Example of Generalized Calabi-Yau Metric Structure).
Let M be a classical 2n-dimensional Calabi-Yau manifold, determined by the symplectic
form w and the holomorphic volume form 2 with associated J complex structure. Then,

. o n(n—1) o
p+=¢€ p—=Q, (p+,p1)=(=1)"2 (p-,p=).

Further, as we have seen above, we have that (7, J7) is a generalized Kéhler structure.

As a future work, it will be interesting to study the relation between these structures and

Killing spinors. This is needed to understand the relation between our new embeddings
and the ones known before that we will remember in next chapter.
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Chapter 9

The Chiral de Rham Complex

We are going to recall the definition of a sheaf of SUSY vertex algebras originally given by
Malikov-Schechtman-Vaintrob in [73]. Roughly speaking, this is a complex constructed
from AV via the topological vertex algebra structure of the be-B~ system of dimension
2N introduced in Subsection Furthermore, it is seen that this object is related
with the usual de Rham complex, and receives the name of chiral de Rham complex.
At this point, by gluing these SUSY vertex algebras constructed for each open set, we
can construct a sheaf for any smooth manifold M. In fact, this construction works in a
coordinate independent way. It was Lian-Linshaw who gave an abstract version for this
object in [69, [70]. Bressler and Heluani extended this construction to any Courant alge-
broid in [I5, 53], although the result goes back to Gorbounov-Malikov-Shechtman in
[44], [45| [46], and independently by Beilinson-Drinfeld [8][Section 2.8]. We give a quick
general view of all these constructions. This allows us to give embeddings from super-
conformal vertex algebras into the chiral de Rham complex if we have some geometric
structures. In Section we include the embeddings given by Heluani-Zabzine.

9.1 Classical Constructions of the CDR complex

We review three approaches to the construction of the chiral de Rham complex. First, the
classical construction by Malikov-Schechtman-Vaintrob based on the be-f7v system. After
that, the coordinate independent construction, valid for any smooth manifold, given by
Lian-Linshaw. Finally, the generalization by Bressler and Heluani to any Courant alge-
broid. We will show how these three settings define the same object. Moreover, this last
construction gives a relation with the superaffinization of quadratic Lie algebras.

9.1.1 Construction over the Affine Space

We are going to introduce a complex starting with the affine space, which is going to be
related with the usual de Rham complex on it. To fix notation, the usual N-dimensional
complex affine space will be denoted by

AN ::{(xl,...,a:N)]:l:jG(C, fOI'jE{l,.--,N}}-
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Then, the de Rham complex is

= P Cla, ..., an]dynay = EBQP (AN),

<N

where dyn~: QP (AN ) — Qptl (AN ) is the usual de Rham differential defined by

d
dynip =Y ZaffdAij Ndywzy, for o= )" frdyvar € QF (AN)
lI<nv \g=1 [I|<N

where I = {i1,...,4:} is a set such that 1 <i; <-.- <4, < N, and
dAN$[SZZdANJH.A"'ﬁ\dAN$“.

Let Qn = V (Qu) be the be-Fv system of dimension 2N (see Subsection . Recall
that by Theorem [3.4.2] Qp is a topological vertex algebra of rank N. In partmular, it
contains the following two generators, along with L and G~:

N N
J:Z:bjcj:, G+:Z:b7ﬂj:€QN.
— =
Let Vv =V (Vy) and Ay = V (Ay). Since 8/ and 4/ have conformal weight, respecti-
vely, 1 and 0 with respect to L,

Y (B, 2) =d(z Zz "l Y (v ):bj(z):Zz*”bfle}"(VN).
nez nez

By the second vacuum axiom, we construct the following isomorphism between the alge-
bra of polynomials in the infinitely many Fourier modes a#,, for n < 0, and b,, for m < 0
(viewed as formal even variables), where j € {1,..., N}, and Vn:

clfein | 53] =
P<<0an,<b0k) o (an, )|0)

Similarly, since &/ and ¢/ have conformal weight, respectively, 0 and 1 with respect to L,
Y (V,2) =¢/(2) =) 2", Y (d,2) =9/ (2) = Y 27"l € F(An).
nez nez

By the second vacuum axiom, we construct the following isomorphism between the exte-
rior algebra of polynomials in the infinitely many Fourier modes ¢7., for r < 0, and ],
for s <0 (viewed as formal odd variables), where j € {1,..., N}, and Ay:

Cltub ot | N} = Aw
PEGY) © Pl ).

As a consequence,
Dok
QN = (C |:{a¥17 bm7 7135 ¢g

1<j,k,p,q<N
n,r<0;m,s<0
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Definition 9.1.1. [73] The fermionic charge is the operator F' := [Jy-]|,_, € End (Qy).
In particular,
F(|0)=F(T"8)=F (T"y’) =0, forneN;je{l,...,N}, (9.1)

while

F(T") =T" and F (T"¢) = —T"¢/, forneN;je{l,...,N}. (9.2)
Given p € Z, we can set

O ={weQn | Flw) =pw},
where it is easily seen that Vi C Q% from (9.1)), and, obviously,
Oy =P k.
PEZ

Definition 9.1.2. [73] The chiral de Rham differential is defined by

dcpr == — [G—i_)\'] € End (QN) .

}k:0

In particular, d2CDR = 0 since

Y (GF,2) )5 Y (GF,2) )| = 0.

(0)

The endomorphism dcpg is an odd derivation that increases by 1 the fermionic charge,
by (9.1) and (9.2). So, the space Qy endowed with the grading given by the fermionic
charge F' and the chiral de Rham differential dcpr above, define a complex

Qy dcpr QNl dcpr Q?\f dcpr le\f dcpr

Definition 9.1.3. [73] The chiral de Rham complex of AV is the vertex algebra Qy with
the grading given by the fermionic charge and the chiral de Rham differential.

Identifying the coordinate functions 1, ..., 2y of AN with b}, ..., b)Y, and their differen-
tials dz, ..., dzy with ¢f, ..., gbév, we can identify the usual de Rham complex Q(AN)
with the conformal weight zero subspace of the chiral de Rham complex. Indeed, we can
consider the subspace Qx C Qp obtained via the isomorphism above by

(C[{bg,gé’g ’ 1 gj,ng}] ~ Qn
P (o) o P(u05)10)
Theorem 9.1.4 ([73, Theorem 2.4]). There exists an embedding
i: (Q(AY),dyn) = (2v.dcpr),

compatible with the differentials, which is a quasisomorphism.
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An important step in [73] to define the chiral de Rham complex Q‘j\lj of a smooth complex
algebraic variety M is the construction, via localization, of a sheaf of vertex algebras on
AN whose space of global sections is Qx. By an explicit calculation of the transformation
of the generators of the chiral de Rham complex 25 under coordinate changes, these
sheaves glue and so determine the required sheaf Q53 over M (see [73, Section 3]). The
construction works for smooth manifolds in either the algebraic, complex-analytic or C*
settings. We will just focus on the C* settings, the one we are interested in.

9.1.2 Construction over Smooth Manifolds

Let M be an n-dimensional smooth manifold. Given an open coordinate patch U C M,
with coordinates (v!,...,9™), we consider the SUSY Lie conformal algebra R(U) genera-
ted, for j € {1,...,n}, by the formal symbols

. 9 R 1 n 00
W. .—a—W, f.—f(’y,...,'y)EC (U).

The non-zero A-brackets are given by (|1.24]), and the generalization of ((1.23) to

: of

J =
8f] = 57"
Notice that the odd derivation S is extended to have that Sf := Ildf, for f € C*(U).
So, we can endow to R(U) a structure of SUSY Lie conformal algebra using f € C*(U),

the vector fields 37, the 1-forms &’, and the contractions ¢/. Now, consider the universal

enveloping SUSY vertex algebra V (R(U)), and define a SUSY vertex algebra Q53 (U)
taking its quotient by the ideal generated, for f,g € C>*°(U) and j € {1,...,n}, by

PV =SV, f —f, i[9 —fg, |0) —1d.

Now, using A-brackets, it is easily seen that this SUSY Lie conformal algebra is defined,
for f=f (fyl, e ,’y”) € C*(U), via the unique non-zero A-bracket relation

for j € {1,...,n}.

; 0
[07Af] zajj, for j € {1,...,n}.

Let us see why we define a sheaf of SUSY vertex algebras over M. For U’ C M other open
coordinate patch, let g := (gl, e ,g”) U — U, fi=g = (fl, .. .,f") : U’ — U be
the corresponding coordinate change, given by

&/j:gj(’yl7.."fyn)’ ’yj:fj(f’y-/l?""§n)7 forje{]‘7"'7n}'
Then, as it is explained in [7, Section 5], we get a unique transformation rule
n .
) of '
& :Z: (W (g(’yl,...,’y"))> &, forje{l,....n}
k=1

Indeed, we can recover the relations for the rest of generators using that S f = Ildf, for
fec>®U),and S¢/ = p7 for j € {1,...,n}. We have arrived at the following result.
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Theorem 9.1.5 ([69, Lemma 2.26]). For M smooth manifold, the change of coordinates
g: U — U’ induces a SUSY wertex algebra isomorphism ¢g: Q5H(U') — QE(U). In
addition, given diffeomorphisms g: Uy — Us, and h: Uy — Us, we get Qpog = ©g 0 Ph.

For U C M open, we can endow to Q?&(U ) a structure of topological vertex algebra as in
Theorem Thus, we can repeat the process explained in Subsection [0.1.1] to obtain
a complex Q given by the fermionic charge and the chiral differential d°" defined using
J(o) and G( 0y’ respectively, which are well-defined operators. Then, denoting by (M)
the usual de Rham complex of M, we obtain that

it (QM),d) — (Qﬂg dCh>

is a quasisomorphism compatible with these differentials (see [72], Section 3]).

9.1.2.1 Coordinate Independent Construction

Given M an n-dimensional smooth manifold, let U C M be open. We will denote by
X(U) the set of vector fields over U, and by Q(U) the set of 1-forms over U. Consider

RU) = (C*U) & (X(U) 2 Q' (V) o I (X(U) & Q' (V))) ® C[T]

a vector superspace, with the relation T'f = df for f € C>*(U).
Proposition 9.1.6 ([72, Theorem 1]). The non-zero A-brackets
[X0f]=X(f), for X € X(U); f € C*(U),
(X\IIY] = I [X,Y], for X,Y € X(U),
(X,)\Y]=[X,Y], forX,Y eX(),
[X3IIn] =TILxn, for X € X(U)in € Q'(U),
[Xan] = Lxn + Aexn,  for X € 2(U);n € QH(U),

LX) = oxn,  for X € X(U);n € Q'(U),
endow R(U) with a structure of Lie conformal algebra.
In addition, we can define naturally an odd derivation S: R(U) — R(U) as follows:

Sf:=Tldf, SHOX:=X, SMln:=n, forfecC®U);X cX(U);necQ ().
As a consequence, we obtain the isomorphism
RU) = (C*U)e I (XU)2Q'(U))) ®H
of vector superspaces, with the relation Sf = Ildf for f € C*°(U) in the right-hand side.
Proposition 9.1.7 (|52, Example 5.13], [53, Section 5]). The non-zero A-brackets
MXAf] = X(f), for X € X(U); f € C=(U),
[IX,IV] = [X,Y], for X,Y € X(U),
[IIX\Ip] = ILxn + xtxn, for X € X € X(U);n € QYU),

endow R(U) with a structure of SUSY Lie conformal algebra.
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Remark 9.1.8. Strictly speaking, the version of the construction of the SUSY Lie con-
formal algebra R(U) in Proposition given in [72, Theorem 1] does not involve Q*(U)
as generators, and the version of the construction of the SUSY Lie conformal algebra
R(U) in Proposition [0.1.7] given in in [52, Example 5.13] and [53, Section 5] adds Q'(U)
as generators. The fact that Proposition [9.1.6| and Proposition [9.1.7] are equivalent to
the cited results, respectively, follows from the last part of [53, Proposition 4.6].

Let V (R(U)) be the universal enveloping SUSY vertex algebra, and define a new SUSY
vertex algebra Q?&}(U ) taking its quotient by the ideal generated by the relations

tfgi—fg, fIX:-I(fX), :f(n): —1I(fn), [0)—Id,
for f,g € C>®(U), X € X(U) and n € Q*(U). We have arrived at the following result.

Theorem 9.1.9 ([69, Section 3],[52, Theorem 5.14],[53, Theorem 5.3]). For M a smooth
manifold, the assignment U +— Qf\lj(U) defines a sheaf of SUSY wvertex algebras Qﬁ\l}

9.1.3 Construction over Courant Algebroids

More generally, one can attach a sheaf of vertex algebras Q%l to any Courant algebroid F,
as shown independently by Gorbounov, Malikov and Shechtman [45], and Beilinson and
Drinfeld [8], and more explicitly by Bressler and Heluani [I5, 53 [54]. To describe QS
we will use the superfield formalism, following [53,54]. Let (E, (-,-), [, ], m) be a Courant
algebroid over a smooth manifold M. Let IIE be the corresponding purely odd vector
superbundle. Abusing notation, we will write

[Ma,I1b) := 11 [a,b], (Ha,IIb) := (a,b), for a,b € T'(E). (9.3)

So, we will write a := Ila for a € I'(E). Similarly, we obtain an odd differential operator
D:C>®(M) — I' (IIE) from the usual one introduced for Courant algebroids.

Theorem 9.1.10 ([54], Proposition 4.1}). Let E be any Courant algebroid over M smooth
manifold. Then, there exists a unique sheaf of SUSY wertex algebras Q%l on M endowed
with embeddings of sheaves i: C*°(M) — QR and j: I (IIE) — QS satisfying that

(1) i is an isomorphism of unital commutative algebras onto its image, so
i(Id) =0), i(fg) =:i(f)i(g):, for f,g € CF(M).

(2) i and j are compatible with the C>°(M )-module structure of ILE and the H-module
structure of Q‘g} That is, D and S are compatible and the following identities hold:

J(fA) =i(f)j(a) :, 28i(f) = j(Df), for feC*(M);acT (IIE).
(3) i and j are compatible with the Dorfman bracket and pairing, in the sense that
[7(a)pj (0)] = j (la,b]) +2xi ((a, b)), for a,b el (IIE).
(4) i and j are compatible with the action of T'(ILE) on C*°(M), in the sense that
[i(a)i(f)] = im(a)(f), fora e (IIE); f € C®(M).

(5) QL is universal with all these properties.
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Proof. Let V (R) be the universal enveloping SUSY vertex algebra associated to R the
H-module given by (C*°(M) & T' (IIE)) ® H with the relation 2Sf = Df, for f € C*(M),
which is a SUSY Lie conformal algebra with the non-zero A-brackets (see also (B.11])
[anf] = (Df,a), foraecT(IIE);f e C>®(M),
[apnd] = [a,b] + 2x (a,b), for a,be'(IIE).
Then, the quotient of V(R) by the ideal generated by
cfg:—fg, :fa:—fa, Id—10), for feC®(M);acT (IIE)

satisfies the properties above. This is the unique sheaf satisfying them by construction.
The proof of R being a SUSY Lie conformal algebra is found in [53, Proposition 4.3]. O

Theorem 9.1.11 ([53, Proposition 4.6],[54, Proposition 4.1]). Let E be any complex
Courant algebroid over an n-dimensional smooth manifold M such that Q%h is the chiral
de Rham complex of E. Then,

(1) if E is the complexified standard Courant algebroid, then Q%l = Q?&}, where Q‘}\}} 18
the chiral de Rham complex of M. Given U C M an open coordinate patch, then
r (Q‘j\}}(U)) is isomorphic to the tensor product of ghost systems of dimension 2n.

(2) if M is a point, then E is a complex quadratic Lie algebra, and, as a consequence,
F(Q%‘) is isomorphic to the universal superaffine vertex algebra of level k = 2.

9.2 Embeddings of Superconformal VAs into the CDR

Let M be an n-dimensional smooth orientable manifold, and F an exact Courant alge-
broid over M. Suppose that (M, J) is a generalized Calabi-Yau manifold (see Definition
. Let p be a non-vanishing section of the corresponding canonical bundle K 7. If L is
the associated Dirac structure, there exists a unique v € I'(L*) satisfying . As a con-
sequence, there exists ¢ € I'(det L*) given by p = ( - p. Let

{gj}jzl,‘..,n g L and {gj}]:]- C f N

ey =

be a local isotropic frame. By [55, Section 7], we can write ¢ locally for n € C>°(M) as
(=€ N NEp.

Moreover, we fix a closed pure spinor, and a corresponding volume form p such that

n n

divyej == (@ lejrenl), divegj=—> (en[E8]), forje{l,...,n},
k=1 k=1

where div,, is the Riemannian divergence with respect to u, for the frames given above.
Remember that we write e; = Ile; € IIL and e/ =1Ig; € IIL, for j € {1,...,n}.

Lemma 9.2.1 ([54, Lemma 5.1, [55, Lemma 1]). We have two global sections of Q%,

. n
i , .
Jo = B El celej:,  J=Jo+iln.
]:
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Theorem 9.2.2 (|54, Lemma 5.3, Theorem 5.5], [55, Theorem 1]). We obtain that
(1) the following are global sections of the chiral de Rham complex of F,

1 n
*52 e;( Se] s e](Se] —fTJZ e’ e]
1 _n .
+Z ( el el lej ex] i+ e e [e],ek} ::) ,
Ji.k=1

H =Hy—iTJDn.
(2) Jo and Hy generate an N = 2 superconformal vertex algebra with ¢ = 3dim M .

(3) the functions f € C°°(M) are primary of conformal weight O with respect to H. Mo-
reover, the sections a € I'(ILE) have conformal weight 1/2 with respect to H.

(4) J and H generate an N = 2 superconformal vertex algebra with ¢ = 3dim M.

Let (M, J+,J-) be a 2n-dimensional generalized Calabi-Yau metric manifold (see Defi-
nition. Since M is generalized Kéahler, we have a metric g on M, and we get .
Consider L4 the associated Dirac structures of 74, for which it is satisfied . Now,
let p+ € K7, be the corresponding non-vanishing pure spinors with associated global
sections (x € T (det L;‘E) For the holomorphic coordinates {zji}]:ln C C>®(M), let

0 0 -
et = — +t9— Cﬁiand{ =g 1aﬁi+cfi} Cly
J 0z; ozt [ j=1,.n
‘] ]:17---7711
be local isotropic frames. By [55, Section 7], we can write (4 locally for n* € C°(M) as
Cr=eT T e A ABFATT A AT, (C=€T T E A AT AT Ao Ag]
Remember that we write e Hs € 1144 and ei = Hs €y, for j € {1,...,n}.
Theorem 9.2.3 ([55, Theorem 2]). The global sections
. n
Js _% N ket Tyt € T(QR), (9.4)
j=1
Hy :iz ( et (Sel,) (Ser) ) — 2Tjiz [eic,eﬂ —iTJ+Dn*
j=1 j=1
+l§n: ol ot [ k] el ok [ o]
4 . :t . k: ] Pl :t .. . :t . :l: ] ) k .o
Jik=1
+: eji ek {ei,eﬂ = eji Leil {ei,ei} ::) e T (Q%) (9.5)

generate two A-commuting N = 2 superconformal vertex algebra with ¢ = 3/2dim M.

The results of this last section are our starting point for the construction of the embed-
dings from solutions to the Killing spinor equations that we will give in next chapter.
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Chapter 10

Embeddings from Killing Spinors

The aim of this chapter is the recollection of the main results of this thesis corresponding
to the construction of embeddings from the N = 2 superconformal vertex algebra into the
superaffinization of quadratic Lie algebras with non-zero level, and the chiral de Rham
complex of Courant algebroids. The condition we will require to obtain our embeddings
is, essentially, having a solution to the Killing spinor equations. These new embeddings
are generalizations of Getzler’s Theorem for Manin triples, while they are based on
Heluani-Zabzine’s Theorem for generalized Calabi-Yau metric structures

10.1 Embedding SUSY VAs from F-term and D-term

Let E be the complexification of a real Courant algebroid over a smooth manifold M,
for which we can construct the chiral de Rham complex Q%l Now, fix E=1®l®dC_ a
direct sum decomposition, with {,I C E isotropic n-dimensional subbundles, for which
the restriction (-,-)|s, is non-degenerate, where C} =1 @1, and C_ = C+. Let

B —Cy, m:E—1, 717:E—>Z
be the orthogonal projections. So, when there is no possible confusion, we will write
a+ =7a, @ =ma, a;=ma, foracl'(E). (10.1)
Now, fix a frame {e;,€;}7_; € Cy satisfying (6.28)). Define the associated odd sections
e; = e, ej:HEj, for j € {1,...,n}.

Remember that we work with parity-reversed sections (see Remark [3.2.1]). In particular,
for a,b,c € | ® 1 elements of this isotropic frame, it is clearly satisfied that

[CL, b] = _[avb]v <[avb]vc> = _<ba [(L,C]>, <[a’b]7c> = (CL, [b7c]>'
We define
I.: ¢ — C4

a = a —a;
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writing [ Ila =111 a for a € Cy. Now, define the element of C C E given by
w =111, [€),¢5], = [ej,ej]l - [e 63] e I(IICY).

This also works for (g, (-|-)) complex quadratic Lie algebra, taking Vsuper( ) the universal
superaffine vertex algebra of g with level 0 # k € C by Theorem [9.1.11] So, the following
results are written for an arbitrary non-zero level in quadratic Lie algebras, but, for the
chiral de Rham complex, we take k = 2. Define the local sections

7j=1
1 : : T 1 : 10.2
H’::k;(: ej (Se7) : +: €l (Sey) :)+kw+k2j%::1 (;@j;ek [e7,ep] = (10.2)
+:¢l i e [ej,ek} t—ejeg [ej,ek} el el e, ex] ::) ,
and
cp :=3dim!l € C. (10.3)

Now, define for each i, € {1,...,n} the locally defined sections

" :j,%: <3<[““’j’€f]_, [ek’e’“}> B <[ej’€’“]—’ [ek’ej}» |

FJ s = trfp (adjgr o) + (<z> <e [ek,ekb ,ej> _ <p <ej, [ek,ek] > e>) |

k

Byt = ol () + 32 (0 (e [ehen] )6s) — (D e [ ]V ).

k=1

)

The following result is our starting point for the construction of all our embeddings.

Theorem 10.1.1. Assume that | © 1 satisfies the F-term condition (6.26)). Then,

A
[JoaJo] = — <H' + 3X60> :

[H'xJo) = (2A+2T + xS) | Jo — %SZ (¢, ¢;]

(10.4)
+ TSDR—|— —/\ Z F” eje; it —: Fy;: ele ::)
4,j=1
; 3 n o . ,
— % (T—i— k)\) ”221 (: e’ [[e],ej]_ ,ez}_ e [[ej,ej]_ ,el}_ :) .

Moreover, the sections (10.2)) are global if M admits an atlas of holomorphic coordinates
such that the Jacobian of any change of coordinates has constant determinant.
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Chapter 10. Embeddings from Killing Spinors

Proof. The proof is given in Appendix [C] ]

Let a € T'(E) be arbitrary, and consider the associated odd section a = Ila € I'(IIE).
Introduce the locally defined sections

S
J = O—QEia,

T S , : ,
H:=H — QELraJr + 21#; (: [a,ej] ej 1+ € a, e : —2T<[a, 65] ,ej>) ,

and
n

c:=3 diml—% Z<[a,ej] ,ej>— (a,a)

j=1
We obtain the following result for the “corrected” generators above.

Theorem 10.1.2. Assume that | ® 1 satisfies the F-term condition (6.26]). Then,

ad] = — <H 4 /\?)Xc) - % (xS + ) S (c — o). (10.5)
Proof. The result follows from Theorem By sesquilinearity, we have
aJ] = [oado] z% JoaSa] — z% [SanJo] — % (Sax Sal
— Loado] + z% (x+ ) [Joaa] — z‘%x fanJo] + % (A — xS) [and].

The first summand is known from the first identity in (10.4). Moreover, by Lemma
we also know the following two summands. We must compute the last one, which is

[ana] = [a,a] + 2x (@, a) = (S +2x) (@, a) ,

using . So, we obtain the required identity, since

[JaJd] = [JoaJo] + Z% (x +S) [Jopa] — i%x lapJo] + % (A —xS5) [aral

=— | H - %Tl+a+ + %SZ (: [a,e’] ej : + 1 € [a,ej] : —2T( [a, €] le;))
j=1
F X (108 [ 3 ([0, ) — (0,0 =

j=1

Remark 10.1.3. (a) A necessary condition to construct an embedding of the N = 2
superconformal vertex algebra generated by J and H as above, is to have
n
Z {[a,e’] lej) — (a,a) € C. (10.6)

j=1
This also simplifies the formula ([10.5)), since the last summand will be zero.
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(b) If a € I'(E) is holomorphic (see Definition [7.2.3)), then by (B.38]) we obtain that
, T
H=H -2 Lay. (10.7)

We will use this notion in our algebraic results. Note that this follows if [a, -] = 0.

(¢) Let a € T'(E) be a section satistying [«, ] = 0 (that is, a € T'(F) is a symmetry of
E). Then, the condition is equivalent to have that (a,a) € C. In fact, this
is always satisfied when [«, -] = 0, since D (a, a) = 2 [, @] = 0 implies (o, ) € C.
Moreover, this holds provided that « is closed (see Definition . We will use
this notion in our geometric results, since follows by Proposition

Remark 10.1.4. In the definitions of Jy and .J, we are considering I ® [ as an ordered
pair. If Jy and J are the sections associated to [ @ [, by , Jo=—Jpand J = —J.
In both cases, the associated candidate to Neveu-Schwarz generator is going to be H’
and H, respectively, since the extra minus signs is absorbed by Jy and J, respectively.

Now, fix p,e € I'(E), related by I1e; = ¢4, and consider the associated odd sections
e=1Ile, wu=IlpeI'(IIE).

From now, to simplify the computations, we are going to use the Einstein summation con-

vention for repeated indices. We study the algebraic and geometric cases independently.

10.1.1 Main Theorems: Algebraic Case

As a first consequence of Theorem [10.1.1] we obtain the embeddings for quadratic Lie
algebras [2]. Now, these results are direct consequences of more general computations.

Theorem 10.1.5 ([2, Theorem 3.13]). Let (g, (-|)) be a complex quadratic Lie algebra.
Assume that &1 C g satisfies the F-term condition (6.26)), the weaker variant (7.13) of
the D-term condition, and that

we LI N[ (10.8)
Then, the vectors
i
Jo :k;:ejej € ‘/s]flper (g)u
H/_li(. A(Sj. el (Ses) - f i - N AP .. (10.9)
=7 Lej e).—i—.e(e]).)—i—kw—i—kZZ(.eJ.e[e,ek]..
j=1 k=1
+:¢l s ey [ej,ek} t—eje [ej,ek} n— el ef ey, e ::) € Vslflper (9),

mnduce an embedding of the N = 2 superconformal vertex algebra with central charge
co = 3dim1 into the universal superaffine vertex algebra V¥ . (g) with level 0 # k € C.

super
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Chapter 10. Embeddings from Killing Spinors

Proof. Remember that vectors Jy, H and w are well-defined as explained in Chapter
Then, the result follows directly from Theorem [10.1.1] since, by the weaker variant of the
D-term condition (7.13]), we must check F;; = 0= F¥ for i,j € {1,...,n}. Indeed,

tr], (ad[eheﬂ) = i ( [[ei,ej] ,ek] ’ ek> =— ([ei,ej]l‘ w) =0, fori,je{l,...,n},

and
trly (adpei e1]) = <[[6’,6”] , ek] ‘ek) = ([¢',e/]){]w) =0, fori,je{l,...,n},
k=1
by antisymmetry and invariance, using extra condition . ]

The next result can be seen as the “dilaton correction” of previous one, since we correct
the supersymmetry generator Jy by adding o = ¢ € I®l to obtain J. We need to impose
holomorphicity condition from Definition [7.2.3] We need some technical results.

Lemma 10.1.6 ([2, Lemma 3.15]). Let (g, (:[)) be a complex quadratic Lie algebra.
Assume that l®l C g satisfies the weaker variant (7.14) of the D-term condition, and that
oy € 1D is holomorphic, so (7.10|) is satisfied. Recall that ey =111,y . Then,

n

15N - - 1 |
H= k; (ej (Se?) : 4 : €l (Sej) ) + ’“2];1 <: et ¥ el ex] =

+:¢e e [ej,ek] t—eje [ej,ek} el eflej, e ::) € Vslflper (9),
4
c=3 (diml +2 (e+]e+)> eC.

Proof. The vector H is well defined as explained in Chapter [3| Then, the result follows
directly from Theorem[10.1.2]after impossing the extra conditions given in the statement.
Indeed, since ¢, € [ @[ is holomorphic, by , we obtain that (10.7)). Finally, we
conclude the identity by the weaker variant of the D-term condition . O

Remark 10.1.7. Notice that, if [®1 satisfies the F-term condition (6.26), then e € l®l
is holomorphic if and only if ¢ = I e, € [ &1 is holomorphic.

So, as a consequence of Theorem [10.1.2] and Lemma we obtain another different
embedding for quadratic Lie algebras. Note that we can give a geometric meaning to the
condition first introduced by Getzler (see Section in terms of the previously
given notion of holomorphicity (see Definition .

Theorem 10.1.8 ([2, Theorem 3.16]). Let (g, (-|-)) be a quadratic Lie algebra. Assume
that L &1 C g satisfies the F-term condition (6.26), that (I & l,e4) satisfies the D-term
condition (7.12)), and that e € 1 ® 1 is holomorphic, so (7.10)) is satisfied. Recall that

ey = H€+, Uy = HI+€+.
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Then, the vectors

iN~ . S
:%Z : 6]6]' : _QEZU-I- S Vtsuper( )

7=1
BN - 1 ¢ 10.10
H:EZ(: ej (Se) 1 +: ¢! (Sej) : ﬁ Z ( ej:e e,ek] $ ( )
J=1 Jk=1
+:e e [ej,ek} - eje [ej,ek} p— el e e, e ) € Vsﬁper( )

induce an embedding of the N = 2 superconformal vertex algebra with central charge
4
c=3 (diml + % (e+]e+)) eC

into the universal superaffine vertex algebra Vsuper( ) with level 0 # k € C.
Proof. The result follows from Proposition 2l and Lemma [10.1.6l That is, the proof
reduces to check the second identity in . By sesquilinearity, we have
2 4
[HaJ] = [H'pJo] — i [H'ASuy] — Z [T€+AJ0] + Zk [TeiSu]
2 4
= [H/AJO] — ’L% (S + X) [H/AU+] + %)\ [€+A‘]0] - ZﬁA (X + S) [€+AU+] .
The first summand is known for having that Jy and H' are generators for an embedding
of an N = 2 superconformal vertex algebra with central charge ¢y. We compute the other

summands. So, by sesquilinearity and Remark since e, € [ @1 is an infinitesimal
isometry in particular, we have that

A
[H'\uq ] = [H'nel] — [H'aeg] = (A +2T + xS) uy + Z [ug, w] — Ax (uqg [w).

By (IC.2a)), using that €4 € [ ®1 is holomorphic, we have that
le+pJol = kZ 6+,6j t+ed [e+,ej]l s +Ekxe 4+ kX (6+Hej,ej]))

=1 (XU+ — Auy |w)),
where we have used the identity (B.38|) for a = e to obtain the last equality. Now, using
again the infinitesimal isometry condition, a simple computation shows that
lepaut] = e ug] + kx (e4fug) = eq, ug ], .

Applying now the D-term equation, we obtain the required identity, since

4

i3 A (¢ + 5) [espuq]
4

= —izA (S +x) ([ut,er]s + [ex,us]y) + @A+ 2T 4+ xS) J

= (2\+ 2T + xS) J.

The formula for H and the central charge follow from Lemma [10.1.6 O

[HaJ] = [H'7Jo] — z% (S +x) [H auy] + %)\ [e4rJdo] —
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Remark 10.1.9. Notice that Theorem generalizes Getzler’s construction. Indeed,
it suffices to take V_ = {0} to recover Theorem Moreover, Theorem gives a
dilaton correction of Getzler’s construction, where the associated Neveu-Schwarz vector
is the one given by the Kac-Todorov construction applied to g = V. =1 & L.

Remark 10.1.10. The two embeddings of Theorem [10.1.5/and [10.1.8|do not necessarily

induce on Vsuper(g) a superconformal vertex algebra structure. In fact, the Fourier modes

L_1 and Ly associated to the underlying Virasoro generator, respectively, may not be

the translation operator T' of Vsuper( ), or may not act semisimply on Vsuper( ).

Notice that these two embeddings induce similar results for the chiral de Rham complex
of homogeneous manifolds. Indeed, assume that our manifold is a compact Lie group K,
and let F be a left-equivariant Courant algebroid over K. By Proposition we can
associate to F a quadratic Lie algebra g given by the invariant sections of E. Applying
the universal construction in Theorem we obtain an embedding of Vsuper (g ®r C).

Proposition 10.1.11 ([2, Proposition 4.17]). Given K compact Lie group, let E be any
left-equivariant Courant algebroid over K. Then, there exists

Viiper (T(E ®r C)") — (QE® c) (K QE@RC)
embedding of the universal superaffine vertex algebra of level k = 2 into I’ <Q%®RC>.

Proof. Observe that H(K, Q%I®RC) inherits a natural structure of SUSY vertex algebra.
We denote by R the underlying SUSY Lie conformal algebra. Now, by the superaffine
vertex algebra example in Subsection and Theorem [9.1.10, we have an embedding
of the underlying SUSY Lie conformal algebra SCur (g ®g C) localized at k = 2 into R.
Since V2o (9 ®r C) is the universal enveloping SUSY vertex algebra of SCur (g @ C)
of level k = 2, this induces an embedding as in the statement. This follows because any
morphism from a SUSY Lie conformal algebra R’ into a SUSY vertex algebra can be

extended to a unique SUSY vertex algebra morphism from V (R’). O

10.1.2 Main Theorems: Geometric Case

Now, we return to the general case to generalize the embedding given on previous result.
We can take k = 2 from now, since we will restrict to the chiral de Rham complex. Since
we will use closeness condition introduced in Definition [6.3.17] in our conditions, we will
work from now with a section oo = ¢ € I'(E) satisfying [p, ] = 0.

Lemma 10.1.12. Assume that | © [ satisfies the F-term condition (6.26) and that the
section ¢ € I'(E) satisfies that [¢,-] = 0. Then, setting uw = Iy, for the local sections in-

troduced in (10.2)), we obtain that

[urH'] —XZ( [u,e?] i+ :e [u+a€j]_1*()‘+T)<[e+v€j}’61>)

+x Z ( < Uy, e’ ek> cejer o {[ug, €] er) el ::) + (A + xS) uy,
7,k=1
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and

n

[H’Au} =(x+59) Z (: e;j [u+,ej]_ Y (g, ej]_ - +)\<[e+,ej] ,ej>>

J=1
n

+ (x+9) Z <: <[u+,ej] ,ek> cejer s (Juy,ef]en) eleP ::)

k=1

Proof. Applying Jacobi identity for the A-bracket, thanks to the first identity in ((10.4)),
we obtain by antisymmetry of the A-bracket that

[und’] = |un (H'+ ?@} = — [ua [JorJo]] = — [[uadolp.r Jo] — [[uaJo]_g_r Jo] -
Now, by , since [p, -] = 0, we obtain that
[[uaJolg Jo] = —ix [e+qJo]
X

=3 (: [e+,ej] ej:+ e [er, e ) 4 x (Eet +w<[e+,ej] ,€5)) -
So, we arrive at
[uanH'] = —x (: [Tyug, ] ej =€ [Liug,ej] : + (A =T) {[e4. €] &) + (A + xS) uy
= —x (: [ug,e’]_ej:—iel [uy,ej] :+A+T){[es,e’] ,ej>)
+x (: <[u+,ej] ,ek> vejer A+t ([ug, e5] e elek ::) + A+ x5) uy,

where last identity follows from (B.39)) for a = u. So, we have obtained the first desired
identity. The last one follows from antisymmetry of the A-bracket. O

So, from now, we will work with the local sections
J=Jy— Siu, H=H —Te,, (10.11)
where remember that e, = [ uy, and
c=3(diml+2(p,)). (10.12)

Proposition 10.1.13. We assume that | © [ satisfies the F-term condition ((6.26)), and
that ¢ € T'(E) satisfies that [p, ] = 0. Then, setting u = Ilyp, the locally defined sections

(10.11) satisfy

I e ;
[HpJ] = (A + 2T +xS) | Jo — Si u++52[ej,ej]i

j=1
Z. n
+Z TSDR—{—)\Z(:Fij:ejei::—:ﬂ‘:ejei::)
Gk=1
: 3.\ © 1 5 " 1.
—1 T+§)\ Z s ek u++§[e,ej]_,e i+ce u++§[e,ej}_,ek 0.
k=1
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Proof. The result follows from Theorem [10.1.2] First, we start applying sesquilinearity,

[HaJ] = [H'aJo] — i [H'ASu| — [Teq pJo] + i [TeypSu]
= [H'zJo] —i(x+8S) [H'au] + XegpJo] — A (x +5) [expu] -

The first summand is known from the second identity in (10.4)). By Lemma|10.1.12{ and
Lemma for a = e, we also known the following two summands. Indeed,

le+ado] = 2 (: [Lpus, ] e+ v e [Lrug,ef] )

2
+i.(Xu+ + )\<[e+,ej] ,ej>)
= % (: [u+,ej]_ej D= el [ug, e :)

+i(A+T) (<[Iu+,ej] L€5) — XU4)
+ 3 (: <[U+,€]} ,ek> cegej i+ ([ug, 5], ex) :elel ::> ,
using (B.39)) for a = u. We must compute the last one,

Ty, u] + 2x (Tug,u) = — [u, w] + [u,u;] + D ((u, ) — {u, u;))
0,

[e4 a1l

where we have used that [p,-] = 0. Applying (6.31]), using (B.41)) and (B.42)) for a = v,

we obtain the required identity, since
[HaJ] = [H'AJo] —i(x + S) [H au] + XlespJo]
= [H'zJo] —i <T—|— 2)\> (: ej[us,e?]_ i+ el [ug,ej] :)

— (2A+ 2T 4 xS) Suy

I~
=2\ + 2T+ xS) | Jo — Si u++§Z[eﬂ,ej]_

j=1
+Z TSDR + \ Z (: FY:eje;—: Fyj:ele! ::)
Jk=1
3 = 1, 1.
—i<T+2)\> Z <3 €L |:u++2 [ejaej]_aek:| P e* |:U++2 [6]7€j]_a€k:| :> )
J.k=1
for being [p, -] = 0 by hypothesis. O

Now, suppose that M admits an atlas of holomorphic coordinates for which the Jacobian
of any change of coordinates has constant determinant. Then, notice that, by the weaker
variant ((6.31]) of the D-term condition, there exists a relation between R and the terms
with F F,; (for i,j € {1,...,n}) thanks to Jacobi identity for the A-bracket.
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Lemma 10.1.14. Assume that | ®1 satisfies the F-term condition (6.26)), that (11, p)
satisfies the weaker variant (6.31) of the D-term condition, and that ¢ € T'(E) satisfies
that [p,-] = 0. Then,

2 O ij i i
TSDR:§ZT(:FJZ€]'67; w—:Fidde ::). (10.13)

i,j=1
Proof. By Proposition [10.1.13] applying antisymmetry for the A-bracket,

[JAH] = 7(2)\+T+xS)J+i(TSDR— A+T) (: F7 reje; o —: Fyj i ele' ).

Now, by Jacobi identity for the A-bracket, since
A
[JpJ] = — <H + ;%) :
for being [, ] = 0, so (p, ) € C is satisfied, and then ¢ € C (see (10.12))), we obtain

[JpH] = [JA (H + %c)] = — [Ja [ J]]

= — [[ad)apr J] = Jr [JaJ]]
=~ ([Unasr 7]+ [aT) g 7))

= —(2)\+T+XS)J—%TSDR—%()\—T) (: FY :ejej o —: Fyjele' ),
so, substrating these two identities, we arrive at ((10.13)). ]

In particular, when F% = F;; =0 for i,j € {1,...,n}, then
TSDR = 0.

Now, suppose that for the considered atlas we can construct (odd) dual isotropic frames
associated to {e;, €; };‘:1 of | @ [ satisfying the following condition:

lej,ex) =0, forj ke {l,...,n}. (10.14)

Proposition 10.1.15. We assume that | ® | satisfies the F-term condition (6.26)), that
(@1, ) satisfy the D-term condition (6.30)), and that p € T'(E) satisfies that [¢, ] = 0.
Then, setting u = Iy, the locally defined sections (10.11)) satisfy

[HpJ] = (2)\+2T+XS)J+2 TSDR+AY :F:cje; |,
i,j=1

where

R—4zi:1<[ej,u],ej> —3<i1 [ej,ej] ,kzi: [ek,ek}>,

Fij:Z<D<[ei,ej] ,ek>,ek>, fori,je{l,...,n}.

k=1
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Proof. The result follows from Proposition [10.1.13| Notice that ((10.14)) implies Fj; = 0
by (C.6a). Now, in order to arrive at the desired formula for F%/, we must see that

<Hek,ek} ,ei] ,ej> =0, fori,je{l,...,n},
which follows by (C.6b). So, by the D-term condition (6.30)), since [, ] =0,
<Hek,ek] ,el} ,ej> = <[2uz—2u,ei] ,ej> = 2<[ui,ei] ,ej> =0.
Now, for the last term, note that
<[ej,ek] ,[er,es]> = <[ej,ek]_ , [er,es]> , for j,k,r,se{l,...,n}
in our frame . So,

R—3<[e e]] [ek,ek]> — <[ej,ek] , [ek,ej]>.

Finally, using Jacobi identity (among others axioms of Courant algebroids), that we are
in the frame ((10.14)), and that it is satisfied the D-term condition ([6.30)), we arrive at

<[ej,ek],[ek,ej}>:4<[ej,u],ej>. O

Theorem 10.1.16. Assume that [Pl satisfies the F-term condition (6.26)), that (l @1, Lp)
satisfies the D-term condition (6.30)), that ¢ € T'(E) satisfies that [p, ] =0, and that

n

Y iFYieje;n=0. (10.15)
i,j=1

Then, setting u = Iy, for the frames satisfying (10.14)), the local sections

Z. n
_ e e Qs
—25 :elej 1 —Siu,
=1

1 & : 1 —
H:§Z(: ej (Se?) : + 1 el (Se ) : +Z Z ( [/, ep] =
J=1 Gk=1
+:¢l i ey [ej,ek} - eje [ej,ek] n— el el ey, e ) + Ty,

induce an embedding of the N = 2 superconformal vertex algebra with central charge gi-
ven by (10.12) into the space of local sections of the chiral de Rham complex Q%‘

Proof. This follows from Proposition[10.1.2] Lemmall0.1.14and Proposition[10.1.15] [

We are going to state one of the main results of this thesis, which is a direct consequence
of the work we have done in Section and Theorem [10.1.16| above, about embeddings
from the twisted Hull-Strominger system (6.16). We need the next intermediate results.
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Lemma 10.1.17. The above sections J, H, and
n ..
Z cFY s eje (10.16)
ij=1
are all global. Even more, R is a well-defined global function on M.

Proof. Let { fin 2 }?:1 C @1 be a new isotropic frame, for which there exists

A= (Ag?)

matrices for the change of coordinates, such that

n n

B= (BJ’?) € Mat,, (C(M))

k=1’ jk=1

n n
[i= ZA?ek and fJ = ZBJ]?ek, for j € {1,...,n}.
k=1 k=1

By hypothesis,
DdetA=0, = (ek) (B}) =0=n(/) (Ai) , forjk,se{l,...,n}.  (10.17)
Then, thanks to Lemma and Lemma we must just prove that
(D[] en) ) s ejen = (DFL ] fe) o f5) < fifi
and ' '
<[€j,u] ,€]> = <[fj7u] 7fj> .
Indeed, for the first term, by (B.19) (B.25)) and (B.26)), notice that
g A?eq i Ajey = (A?Af) eger i,
while by Courant algebroid axioms and (B.10)),
<D ( [Bier, B%em] , Ajes) ,B;;ep> = B;fAanf; ([e", e™],es) (DA], €P)

+([e",e™] ,es) (BL(DBI, e*) + B}, (DB., e*))
+BJ, (B (D([e",e™]es) )
+ BY (DBl &™) <DAS,€p>>
+ (DB}, e™) (DA}, &) + (DB}, ™) (DB}, ¢*)
+ BI <D (DB, e™) ,ek> + B <D (DB, e™) ,ek>
+ BEBL(DBJ,,e™) (DA;, €',

from where we obtain the desired identity thanks to second equation in (10.17)). Finally,
by Courant algebroid axioms and (B.10)), using Jacobi’s formula from Appendix

. ) 1 .
<[A§ek, u] ,B§65> = ([ej,u], €’) — ot A (Ddet A,u) + Al (u,ep) <DA§, es> ,
from where we obtain the desired identity thanks to ((10.17). ]

128



Chapter 10. Embeddings from Killing Spinors

Lemma 10.1.18. Let o,, be the torsion bi-vector from Section[5.5 We have that

(UW)E:Fij, fori, g ke {l,...,n}.

Proof. We must keep in mind Section Indeed, by Courant algebroid axioms,

6oy (o ()

9 9 L
= —dz; (V;%M) = —dz; (V;miazk -V (g dZi))

oz,

= —dw (g—ld,zi,g—ldzj, ;) , fori,j ke {l,...,n},
2k

as desired, since V*g~ldz; € QMO(M) fori € {1,...,n} and

PRLE 910 g\
-1 A — = -1 s — = _ e — =
I:g dZZ) aZk:| |:g dzu 8ZZ:| 89 1dzi <8Zk )

The proof follows now from the explicit formula (5.15)) combined with
FJ — <D<[ei,ej] ,ek> ,ek> = —7 (Zk) (dcw <g_1dzi,g_1d2j, 82k:)>

= ngkaf <8w <gld§i791d2jj7 az]g)) . ]

Let P — M be a principal K-fibre bundle over M any complex manifold, and fix the
bi-invariant non-degenerate pairing (-, ) : €@t — R. At last, we arrive at the following.

Theorem 10.1.19. Let (w,V, A) be a solution to the twisted Hull-Strominger system

(6.16), and consider the associated string Courant algebroid E := E_ge,, 4. Then, the fo-
llowing sections, defined for the frames (6.18)) induced by the atlas in Lemma

n

J 252 :ele; 1 +5illb,,

j=1
1< . 4 1 & 4
H 252 (: e; (Sej) i+ e (Sej) :) + 1 Z <: ej: eF [ej,ek] : (10.18)
j=1 Jk=1
+:¢el :ep [ej,ek} t—rejeg [ej,ek] el ef lej, ex] ::) — THg_lﬁg’l,
are global. Furthermore, when
o, =0,

they induce an embedding of the N = 2 superconformal vertex algebra with central charge
c=3diml € C
into the space of global sections of the chiral de Rham complex Q%I®RC.

Proof. This follows from Proposition [10.1.16] Lemma [10.1.17] and Lemma [10.1.18 O

In particular, this result applies when we have a solution (w, ¥) to the twisted Calabi-Yau
equations (6.17)) for the associated exact Courant algebroid E_ 4.
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10.2 Pairs of Solutions for the Killing Spinor Equations

Now, we will study what happens when we have pairs of solutions for the Killing spinor
equations. In particular, this will give us the analogue of Theorem for quadratic
Lie algebras. This will allow us to construct “an honest” N = 2 superconformal vertex
algebra structure that will be related with some constructions studied in Chapter

10.2.1 The A-Commuting Sectors on Quadratic Lie Algebras

Let (V4,e+) be two solutions for the Killing spinor equations on (g, (-|-)) quadratic Lie
algebra, such that they generate a pair of solutions on g (see Definition . Following
previous section, we fix g = I, ©1_ ® 1, ®1_ direct sum decomposition, with [+,l4+ C g
isotropic ni-dimensional subspaces, for which we have that the restriction (-|-) to Vi is
non-degenerate, where Vi := 4 @14, and Vi = Vjé-. Let

Teig— Vi, myig— e, mp g— Iyt
be the orthogonal projections. So, when there is no possible confusion, we will write

a+ =T4a, QL =TLa, G =T Qq, for a € g.

Fix {ef,éf}éil C V4 basis satisfying (6.28). Let V¥ .(g) with 0 # k € C, and define
J:

ej-[ = Hej-[, eft = Héj-[, for je{l,...,ny}.

Remember that we work with parity-reversed vectors (see Remark [3.2.1)). We define

Ii: Vi — Vi
ar — oag —q

’
+

writing I1Ila = Ill1a for a € V1. Now, define the element of V. C g given by

_ -+ + _ | ] =+ N V- -
wy = 14 {ej,ej}i— [ei,ej}li [ei’ej]ii e I1VL,.

Define the well-defined (they do not depend on the chosen basis) vectors

i :
o 1= D kel € Viperl0),
j=1
1
Hy := z ( e;-t (Sei) Dt el (Sef) ) + W
j=1 (10.19)
1 &
+13 ( ejc el [ei,ek:l:} sl el [e;t,eljc}
k=1
— e]i e [eﬂt,ei} —el ei [ej,ek} )6‘/skuper(g)
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Moreover, consider
& :=3ng €C. (10.20)

Remark 10.2.1. Notice that if we have {J1, Hi,c1} and {Ja, Ha, co} two different sets
of generators for the N = 2 superconformal vertex algebra, when [J; 5 J2] = 0 is satisfied,
then [Hyp Hs] = 0. Indeed, by first equation in (2.21),

[Hyp Ho] = [— <H1 + ?q)A - <H2 + “i’fczﬂ = [[Jir i, [0 de]] = 0.

Now, repeating the processes explained in Theorem|10.1.5 we can obtain two embeddings
of the N = 2 superconformal vertex algebra of central charge ((10.20]) into Vslflper(g). In
addition, we obtain the next result, where, to simplify computations, we are going to use
the Einstein summation convention for repeated indexes, for the mentioned embeddings.

Theorem 10.2.2. Assume that I+ @ 1y C g satisfies the F-term condition (6.26)), that
(l+ ® 1y, e1) satisfies the weaker variant (7.13)) of the D-term condition, that

wy € [la, lx] N [Zﬁ:jﬂ:]La

and that n :=ny =n_. Then, the vectors (10.19)) induce two A-commuting embeddings
of the N = 2 superconformal vertex algebra with the same central charge co = 3n into
the universal superaffine vertex algebra VE, . (@) with level 0 # k € C.

super

Proof. We have to prove that [Jar e ] = 0. By the non-commutative Wick formula,

A
+ g gt i o= i [+ o] T
Jo a ele; } =: [JO Ae?] e; 1 —el [JO Aej] .+/0 dr HJO Aeijej}
v [k j} +. - j{k +} -
= — L|e_,e _ e; e, 1+ e €_,€e; |_ i€y
k< [ TS A T U e,
.k.[—j} + .. .k.j[—+] ..
—:e e e el —ef e e el | o
AR PSS S TURT e el

N ]i/o’\ dy (I + I3) —iA ([ei,e;r}l_ - [ei,ej]l_> ,

where we have used (C.2D)) for Jy = J; and a € V_ the basis elements, and after applying
the non-commutative Wick formula and antisymmetry for the A-bracket,

I : =0, :[eliej] et irep :k{elie_}
n e ar k N PR

Ir: =0, el [eli e*}, _rel | =—k [eli e_], .
L R R N I A Tk,
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Finally, using basic properties, some of them from Appendix [B], we arrive at

1 : 4
_ =k +.—. e o k _+ o
[JypJ-] = PG [e_,e+]l+®l_ ej tep t el [e_,ej}h@l_ ey
.k.[—j} + .. .k.j[—ﬂ ..
— e’ e e el n—el el leg,el|
ko =+ I+l J + ko=g l+l—

e ([, - [l - ], [Ae] ).
which is zero by (6.26), (7.13]), and Remark [6.3.15 O

Now, fix ¢1,eq € Vi, related by IreL = ¢y, and consider the associated odd sections
er =1Ileq, wuy =1lpy € IIVL.

Using ((10.19)), define the well-defined vectors

Jy = Jg: F 2§iui S (9),

L super
T g = ' ' (10.21)
Hy:=H\ F 2E6i + 2? : [ui,eﬂ e;t Dt el [ui,eﬂ :) € Vi oer(0)-
j=1
Moreover, consider
4
ctr =3 (ni + z (e+ |ex )> eC. (10.22)

We also define the vectors e = e, +e_ € g, and e = Ile € Ilg.

Remark 10.2.3. Notice that in formula above we obtain that c; = c_ when
ny =n_ and (e|e) = 0. Indeed, this last condition is equivalent to (e4|e4) = —(e_|e_).
We will require in the following result these two conditions. However, strictly speaking,
we do not really need the second condition to obtain the A-commuting embeddings.

Now, repeating the processes explained in Theorem|[10.1.8] we can obtain two embeddings
of the N = 2 superconformal vertex algebra of central charge ((10.22)) into VS’flper(g). In
addition, we obtain the following result for the mentioned embeddings.

Theorem 10.2.4. Assume that I+ ® I+ C g satisfies the F-term condition , that
(I+ ®lx,e) satisfies the D-term condition , that e+ € I+ @14 is holomorphic, that
n:=ny = n_, and that (ele) = 0. Then, the vectors induce two A-commuting
embeddings of the N = 2 superconformal vertex algebra with the same central charge

c=3 (n + % (ex |e+)> ecC. (10.23)

into the universal superaffine vertex algebra VE . (g) with level 0 # k € C.

super
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Proof. We have to proof [J4 ,J_] = 0. By sesquilinearity, thanks to Theorem [10.2.2
2 2 _ 4
[Jiad-] = [J5 o] + iz [J§ A Su-] — i [SuypJy] — e [SuypSu_]
.2 2 _ 4
= =iz (x4 8) [Jg qu] —ipx [upado ] = 73 (S 40 [y yu-].

Now, we have that

[JJAu_] = Y (: [u_,ei]i ej T ej+ [u_,eﬂ :) ,

j=1
(: [u+,e{} e; R e]; [u+,e;} :) ,
J

aplying (C.2b) for J = J§ and a = u_, and (C.2d) for J = J; and a = u. At last,

[ugpu—] = fup, u] + kx (uplu-) = fup, u]p = fuug ]

|~

[U+AJ()+] =

=~
INgE

1

In conclusion,
2 . ,
[J4pad-] = E(X +5) <: [u,,eﬂi e}' Dt oel [u,,ej]i :)

+3 [u ej] e*-+-ej[u 67}.
X unel] e el jueg|

L8 -0 (], — sl ).

which is zero for being u+ € I+ @ I+ an infinitesimal isometry. O

Remark 10.2.5. Applying the process above for pairs of solutions of the Killing spinor
equations, but in exact Courant algebroids, we should recover Theorem We leave
this as a future question, since it requires further analysis.

10.2.2 Honest N = 2 Superconformal Vertex Algebra Structures

Consider J+ two even A-commuting elements satisfying, for ¢ € C and some H odd,

A
[JiAe]i] = — (Hi + 3XC) .
Define
J=Jy+J, Jo=J, —J, H:=H, +H_. (10.24)

It is proven in [55, Lemma 2] that when {J;, H} and {J2, H} generate the N = 2 super-
conformal vertex algebra of central charge 2¢, then the quadruple {Ji, Hi} generates
two A-commuting copies of the N = 2 superconformal vertex algebra of central charge c.
Now, we will prove the converse, which allows us to obtain honest N = 2 superconformal
vertex algebra structures from pairs of solutions for the Killing spinor equations.
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Theorem 10.2.6. If {Ji, Hy,c} are A-commuting N = 2 superconformal vertex algebra
structures, then the even elements J1, Jo of (10.24]) generate two N = 2 superconformal
vertex algebra structures of central charge 2¢ with the same odd element H of (10.24)).

Proof. By A-commutativity, we have that

[Jiah] = [Joado] = [Jepadi] + [J-pJ-] = — <H+ );)XC> :

Finally, since [H; )\ J_] =0 = [H_J4] clearly, then

AT = (oo T+ (oo T + [H o Ty + [H 0T ] = (20 + 2T + xS).J,
[(Hado) = [Hy g o] = [HypJ-] + [HopJ] = [H-pJ-] = (2A + 2T + xS) 2. O
Corolary 10.2.7. Let (g, (:|-)) be a quadratic Lie algebra. Then, by Theorem[10.2.4 and

Theorem|10.2.4}, each Jy and Jy defined using J+ as given in (10.19) and (10.21)) generate
a copy of the N = 2 superconformal vertex algebra of central charge, respectively,

dimg 8

04 (erlen))

3
cozidimg or c:3<

Furthermore, the vector H defined using Hy as in (10.21)) is the Kac-Todorov vector of g.
Consequently, localizing at k + hY € C we recover the Freudental’s formula

\

3 (] ) 3 (] ¢ [2i]) ) = - e

=1

Remark 10.2.8. The last result above is the true generalization of Getzler’s Theorem
for pairs of solutions for the Killing spinor equations on quadratic Lie algebras. Indeed,
note that we have two Manin triples

(gvlJr@l*vZJr @i,) and <g>l+ @Z777+@l7)7

which induce each one two different embeddings. In particular, for the dilaton correction,
the odd generator is the Kac-Todorov vector of g. As a consequence, we have two honest
N = 2 superconformal vertex algebra structures on the superaffinization of g.

Corolary 10.2.9. Let E be an exact Courant algebroid over an smooth manifold M.
Then, applying Thearem each Jy and Jy defined using J+ as given in (9.4) genera-
te a copy of the N = 2 superconformal vertex algebra of central charge ¢ = 3dim M. Note
that the odd generator coincide, and it is given by H defined using Hy as in .

The previos result is a consequence of Theorem firstly given in [54, Theorem 5.5].
Indeed, the authors used it to prove, precisely, Theorem given in [55, Theorem 2].
However, since by Remark we hope that generalized Calabi-Yau metric structures
can be rewritten using pairs of solutions for the Killing spinor equations, this last result
will be now a consequence of our main Theorem for exact Courant algebroids.
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10.3 Open Questions

We include open problems related to the results we have obtained, for future studies.

10.3.1 Embedding N = 1 Superconformal VAs

Originally, when we started the present work, we were expecting to construct embeddings
of the N = 2 superconformal vertex algebra under much weaker hypothesis, related to
the vanishing of the generalized Ricci tensor. Even though we have not been able to com-
plete this ambitious programme, our development motivates some open questions related
to this initial problem. Let F be a general Courant algebroid over M. In order to define
the Ricci tensor of a generalized metric C'y C E, we first need to give the following notion
for a connection D € D(Cy), due to Gualtieri.

Definition 10.3.1. [36] For C+ C F generalized metric, the Ricci tensors of D € D(Cy),
a compatible generalized connection, are RichE el (C’fF ® C}) defined by

Ricfg (ex,e4) =tr (d:t — RfDE (dg,ex) ei) , forey e(Cy),
where RE € T(C1 ® C% ®0(C4)) are the curvature operators associated to D, given by

RB (at,b-)cy = Da+Db—c+ - Db—Da+C+ o D[a+vb7]c+’
Rp(a_.b2)e- =Dy Dy, e~ Dy, Dy o~ Dig_p,je—

for a+,by,cq € F(Ci).

If M # {-}, given div: I'(E) — C*°(M) any divergence operator on E, it is proven in
[36, Proposition 4.4] that for any choice of generalized connection D € D(C.,div), the
induced Ricci tensors Rli-) are equal. In such cases, the Ricci tensor Ric* € [(Cr & Cyx)
of (Cy,div) are defined by
4+ e+
Ric™ := Ricp,
for any choice of D € D(C4,div). To see this, assume that Cy C E admits the spinor
bundles S+, and consider the twisted spinor bundles S+ that are endowed with the cano-

nical Dirac-type operators 1) on I'(S1). Then, with the same notation as in Subsection
for a € I'(S+) and a+ € I'(C4), we obtain that

T+
trRicT - a =4 [ DD — D™ —2 ar - Dy
j=1

a. (10.25)

afﬁ*h

Thanks to this property, we are ready to introduce the following notion.
Definition 10.3.2. [36] We say that a pair (Cy, div) satisfies the Ricci-flat condition if

Ric* = 0. (10.26)
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Being Ricci flat is a second-order equation, and corresponds to the integrability condition
for the first-order equation given by Killing spinor equations in Definition More
precisely, using , if (Cy,div,n) is a solution of the Killing spinor equations, then
Rict = 0. So, we expect that the next conjecture is true, where (g, (-|-)) is a quadratic

Lie algebra for which we obtain equations from (10.25)) and (/10.26]).

Conjecture 1. If (Vy,div) satisfies (10.26)), then the odd vectors in (10.9) and (

generates two embeddings of the N = 1 superconformal vertex algebra into Vsuper( )

For the case of exact Courant algebroids, one can relate these conditions to the known

as Bismut-Hermite- Einstein metrics. We can give the following notion.

Definition 10.3.3. [38] Let E be an exact Courant algebroid over a complex manifold
M. We say that a J-compatible generalized metric C is Bismut-Hermite- Einstein if we
have (g, H,w) satisfying the following conditions

. 1 1
0 =Ricy — ZH oH + iLg—lgwg,
1 (10.27)
0=d"H + d@w + ibgflng.

where Ricy denotes the Ricci tensor associated to g Riemannian metric, and w is the al-

most Kihler form. These conditions are equivalent to p?(g) = 0 and dd‘w = 0.

If a J-compatible generalized metric Cy on an exact Courant algebroid E over a complex
manifold M is Ricci-flat with respect to the divergence given by the Lee form, Ric™ = 0,
this gives a solution to . Furthermore, the twisted Calabi-Yau equations
coming from having a solution to the Killing spinor equations, implies pB (9) =0.

Conjecture 2. Let E be any exact Courant algebroid over any 2n-dimensional complex
manifold M, with (w, ¢g) hermitian structure such that

pPlg) =0, ddw=0, (10.28)
for H = —dw. Then, one can prove that there exists f € C>°(M) such that
©:=g 0,—Vf+0,+df €T (E)

is holomorphic. Then, the section H € T'(Q$}) given in (10.11)) is global, and generates an
embedding of the N = 1 superconformal vertex algebra into I'(Q5}).

For this conjecture to be true, it is necessary that (10.12)) defines a central charge, so one
needs to prove that under the given hypothesis

Y gl 6) — (v ) €C,

Jj=1

for {e;,€; }?:1 C £ @/ the local isotropic frames defined by ([6.18)).
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10.3.2 Superconformal Vertex Algebras from Killing Spinors

All the given constructions does not necessarily induce a superconformal vertex algebra
structure (see Remark[10.1.10)). Indeed, we need (2.15)) for the basis elements. In general,
this is not true as we can see in Lemma However, we know the following.

Proposition 10.3.4. The embeddings in Section for quadratic Lie algebras induce
an N = 2 superconformal vertex algebra structure if

(1) we have a Manin triple.

(2) we have pairs of solutions for the Killing spinor equations.

Proof. Tt follows by Theorem [10.1.8] and Theorem [10.2.6 O

It is possible that when stronger conditions on g are imposed (but weaker than the two
above), then we could obtain the honest N = 2 superconformal vertex algebra structure
in our constructions. An anonymous referee of [2] suggested the following.

Conjecture 3. When we take BRST cohomology of g, then we induce an honest N = 2
superconformal vertex algebra structure into the cohomology of Vslflper(g).

10.3.3 More Discussions on Main Theorem [10.1.19

We believe that the bi-vector field given in Section [5.3| vanishes when we have a solution
to the twisted Hull-Strominger system (/6.16]). In other words, we have strong evidence
(see examples in Section [11.1]) to state the following.

Conjecture 4. Let (M, g) be a complex manifold with an hermitian structure g. If we
have a solution (¥, w, A) to the twisted Hull-Strominger system (/6.16)), then we have that
the torsion bi-vector o, identically vanishes. That is,

o, =0

is always true in our hypotheses, and it does not give a real obstruction. As a consequen-
ce, we have that Theorem is true without this extra condition. However, maybe,
this is a little bit strong, and this is just true for a compact complex threefold. In any
case, we have not seen this obstruction given by the torsion bi-vector in the literature,
and we have not been able to obtain a counterexample of having solutions for the twisted
Hull-Strominger system for which o, # 0. It seems to be an interesting problem.

The conjecture above is supported by Lemma since it allows us to obtain that
T?R = 0 when o, = 0, and that is enough to contruct the desired embedding. However,
for a long time, we tried to find a geometric meaning for R, in order to cancel the term
T?R. In the next result, we give an explicit formula for this term R.

Lemma 10.3.5. Let (M, g) be any complex 2n-dimensional manifold with an hermitian
structure g. If (V,w) is a solution to the twisted Hull-Strominger system and 6,
closed, then

R =2d"0, — ||, € C>(M,C). (10.29)
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Proof. We have seen in Proposition [10.1.15| that
n ] n ) n
R= 4Z<[ej,u] ey — 3<Z €7, ¢;] ,Z [ekaek}> )
j=1 j=1 k=1

where by (6.23]) we know the value of the second term. Let us see what happens with the
first one. By Courant algebroid axioms, since [p, ] = 0, in the frames (6.18)),

n

3l ) = o (2 ()

j=1 k=1

Now, we can assume 6, = df,, as before, and
Z. n
w = 5 Z de VAN dzj
j=1
locally. Then,

" 0 1
1= (g0l
(2 )) = —5 A5
S (1) 3o
k=1
where
Agfu =My (2i00f,) = Dafu+ 1162 O
Now, we know that there exists f € C*°(M) such that
1
0 = Ric, — ZHoH+v2f,
0=d'H + vaH.

Using these conditions and the ones in (|10.28)), after non-trivial computations based on
[38, Subsection 4.4.2] about generalized Ricci solitons, we obtain that

1 c *
glldwls = d*0. — 0[5 € C,

which always holds if we have a Bismut-Hermite-Einstein metric (in particular, a solution
to the twisted Hull-Strominger system). But, unfortunately, this constant value does not
coincide with our value of R. We expect that the value of R is somehow related with the
Conjecture [2, So, we can state the following.

Conjecture 5. We can correct the supersymmetry generator Jy to obtain certain J, so
that the associated Neveu-Schwarz section H generates an embedding of the N = 1 su-
perconformal vertex algebra into I'(Q%'), thanks to be R replaced by

1 ]
R =k (6||dcw|§ —d*0, — llf)wl\ﬁ) ;

where k € C is certain constant.

The role played by the quantity R, as computed in ({10.29)), remains a mistery to us.
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Applications of the Main Results

We collect in this last chapter different applications of the main results from Chapter
In particular, we give the first examples of (0,2) mirror symmetry on compact complex
non-Kahler manifolds. We include more open questions related with these applications.

11.1 Geometric Examples

First, we will present some geometric examples of solutions to the Killing spinor equati-
ons, where we can apply the methods explained in Section to construct embeddings.

11.1.1 N =2 from Calabi-Yau Equations on Complex Domains

We will see that a complex domain X C C? endowed with an SU(2)-structure (¥, w) that
satisfies the twisted Calabi-Yau equations induces an embedding of the N = 2
superconformal vertex algebra into the global sections of the chiral de Rham complex
using Theorem for the case of an exact Courant algebroid. So, given f € C*°(X)
a real positive harmonic function, that is, such that f > 0,A,,f =0, let

U= fQq:= fdz; Ndz € Q*(X),

i 5 (11.1)
w:= fw() = §f(d21 Adz1 + dzo /\dzg) c0 (X)
Since dw = dlog f A w, the associated Lee form is
0, :=dlog f € Q'(X). (11.2)

Lemma 11.1.1. (V,w) defines a solution of the twisted Calabi-Yau equations (6.17)).

Proof. Notice that
2

TAw=0, TAT="
clearly, so we have an SU(2)-structure. Now, since

d°w=d°f Nwy =d°log f Aw (11.3)
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and A, f =0, then
av =0, N¥, dbf,=0, ddw=0. O

Let o, be the torsion bi-vector from Section We must check that it vanishes using
Lemma [10.1.18 Consider for j € {1,2} the local isotropic frames

; 0 0 0 ; 10
Ej::e“" <az‘7) :7’+97'€€W(T’X)a
€= g_ldfj + d?j €e W (Tl’OX) .
Lemma 11.1.2. The torsion bi-vector of w vanishes, that is,
o, = 0.
Proof. Clearly (0,)17 = (0w)s5 = 0 for being ¢ isotropic. Now, notice that
0
g tdz; =2f"1—, forje{l,2}.
82]'

So, by direct application of Lemma [10.1.18] using ((11.3)),
o o0 0 >

0
_ _ g -1 -1 5= _ -2 gc
<[61762] 761> - dw <g dzlag dz?v 821) 4f dw <8217 8227 851

= (gg) = (e (g)) =2 07,

0 o 0d 0
<[E1a€2] 7€2> = —d‘w <g_1d217.g_1d227 622) = 4f_2dcw <821’ 072527 622)

= 2if2d°f (;;) =2if 2 <—z’8f (5;)) = 2821 (f 1.

- o 0 o 0
=S (@l ) =1 (e () = g (7)) =0

In summary,

7=1
2 2
(0w)ar Z ([E2,@),6)) &) = =Y (D([e1, @], €) &) = 0. O
=1 j=1

So, we are in the conditions of Theorem [10.1.19] Let E := E_4c, be the exact Courant
algebroid associated to the solution to the twisted Calabi-Yau equations ((11.1)).

Proposition 11.1.3. Let X C C? be a complex domain, and consider f € C*°(X) a har-
monic function with respect to the standard flat Kdahler metric. Then, the solution of the
twisted Calabi- Yau equations , with associated Lee form , induces an embed-
ding of the N = 2 superconformal vertex algebm of central charge 6 into the space of global
sections of the chiral de Rham complex QE® c- The generators of this embedding are gi-

ven by m for the frames above.
Proof. 1t is a direct consequence of Theorem [10.1.19| and Lemma [11.1.2 O
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11.1.1.1 The (Homogeneous) Hopf Surface

As a particular case of the hypothesis of the previous result, we can take the following:

X 1

X :=C? — =— = .
X (©O) »X=F. f=rm

This corresponds to the universal cover of the Hopf surface. Indeed, the solution of the
twisted Calabi-Yau equation above is preserved by Deck transformations and descends
to a solution (¥, w) of the twisted Calabi-Yau equations in X. Furthermore, the atlas
given by the universal covering corresponds in this case to the atlas of X in Lemmal5.2.2
This one corresponds by the classification given in [39] to a locally conformally Kéhler
metric. As a consequence, if E := E_ 4, is the exact Courant algebroid associated to the
solution (¥, w), we can apply Proposition to induce an embedding of the form

VO (Cy) > T (Q%‘®RC) . (11.4)

On the other hand, we can obtain a family of solutions for the Killing spinor equations
as in Definition [6.2.15|for E exact, such that we have a left-invariant triple (V. divy,n),

and Proposition and Proposition apply. Then, applying Theorem and
Theorem we are able to obtain 2 more embeddings (this appears in [2]). We will
explain it briefly. Consider the compact 4-dimensional manifold M = S3? x S! endowed
with the canonical orientation. We use the Lie group structure given by identifying

M= K =8U(2) x U(1).
Consider the next generators for the Lie algebra of left-invariant vector fields
t=su(2) ®R = (v, v2,v3,v4),

with relations

[vo,v3] = —v1, [vs,v1] = —va, [v1,v2] = —v3, [v4,:] =0.
Equivalently,

dot =02 A0, dv? =P At dvd =0t A0, dut =0,
for {v'}je1,2,3,43 the dual basis. We take £ € R and define a left-invariant 3-form

Hy = ', (11.5)

This corresponds to a constant multiple of Cartan 3-form on the SU(2) factor, and hence
it is bi-invariant and closed. Thus, this defines an exact equivariant Courant algebroid
E,=TK & T*K, with usual pairing and Dorfman bracket (where H = Hy). Our next
goal is to define a one-parameter family of left-invariant solutions of the Killing spinor
equations on Ey. Given x,a > 0 positive real numbers, consider

a
Jz.a = ;(Ul®Ul+02®v2+v3®v3+x2v4®v4)
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the bi-invariant metric on K. We define a bi-invariant generalized metric on Ej
VP ={v+tgya(v)|vet}

and a bi-invariant divergence div, , = divo —(¢%, -), for divy the Riemannian divergence
of gz, and e* = —zv*. We have arrived at the following result.

Lemma 11.1.4 ([2, Lemma 4.7]). For z,a > 0 and ¢ € R, the pair (V&%) is closed.
Proof. The statement follows trivially from . O

Now, we must specify a left-invariant spinor line () C Sjrr corresponding to an almost
complex structure on V. For this, note that the anchor map 7: E; — TK induces an
isomorphism V{"* = TK, and we set I,,: V" — V" almost complex structure by

Lovg = axvy,  Ipvy := 3. (11.6)

Now, for
. x.a .
divy™ = dlvl”v‘”vj»a’

we have to prove that (V"% div]“, I,) defines a solution of the Killing spinor equations,
provided that ¢ = a/x. For this, we adopt an algebraic approach. By Proposition

gy = F(Eg)K

has structure of quadratic Lie algebra, with underlying vector space gy = € @ €*, where

(v-+afw+8) = 1 (aw) + B(v), for vt awt e,
[U +o,w+ ﬁ] = [an} - ﬁ([v7 ]) + a([w7 ]) + Eiwi’tlvmga forv+a,w+p € ge-

Now, notice that, for fixed x,a > 0, we have that the pair (Vf’a, divy o) can be regarded
as the pair (Vf’a, e”) of generalized metric and divergence on the quadratic Lie algebra
g¢. Denote by 7, € ST a non-vanishing pure spinor in (n) C ST. We have that

I (v + g2,a(v)) := Ipv + gg o (Izv), forov e Vf’“.

Lemma 11.1.5 ([2, Lemma 4.8]). We have that the triple (V" €%, 1;) is a solution of
the Killing spinor equations as in Deﬁnition on g¢ if and only if { = a/z.

Proof. By Proposition it suffices to prove that ((7.6) holds if and only if £ = a/x.
Now, an oriented orthonormal basis for V" is given by

T a,?2 T a,3 1 4 T a,l
{\/;’UQ—F\/;’U ,\/;123—1-\/;1) ,7%'1)4_" xrav ,\/;'Ul"’ E’U },

with associated isotropic basis of Vj’o and Vf’l given by

6 = L (VI /T i (It B, & =
(o + vamet) =i (VEu + ), & =
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Now, a direct calculation shows that

el ef] = 5 (Guat+ (2= €3) v*) = 5 (Fus + (2= £3) v) .
So, [ef, e;] € Vf’a ® C if and only if £ = a/x and, assuming this condition, it follows
that

[Vi,o’vi,o} C Vi,o)

where Vi’o C Vf:’a ® C is the i-eigenbundle of . Similarly,
2
vi= 3 [ g ] =i - 2.

J=1

So, v € V" ® C if and only if £ = a/x. Finally, assuming this condition and using that

L) = ~41 (oy + avt) =~ (20 +0).
it follows that the second equation in ([7.6]) holds. ]

Consequently, by direct application of Proposition the triple (V" divy®, n,) is a
left-invariant solution of the Killing spinor equations as in Definition [6.2.15 on Fy if and
only if £ = a/x. Our solutions of the Killing spinor equations in the previous result are
such that 7 is an infinitesimal isometry for V" in the sense of Definition In the
next result we prove that the dual vector field w9 is holomorphic with respect to I.

Lemma 11.1.6 ([2, Lemma 4.10]). The left-invariant vector field we% is I,-holomorphic,
that 1is,

T 1,0 1,0
|:5+7VJ,— :| g VJ,- )

where Vi’o C Vf’a ® C 1is the i-eigenbundle of 1.

Proof. Immediate, since €% = —% (%114 + $v4) is in the center of gy. O
We study our family of solutions in terms of complex geometry by means of Proposition
in the exact case, in order to compare with the construction given at the beginning
of the present section. Assuming ¢ = a/z, the family of solutions of (6.17)) induced by

(VI divh,m,) == (Vf’”,div”i“,m) (11.7)

is given by

wy = bzvt Aot + 0% A0S, (118)

U, = % (ivl + xv4) A (02 + iv3) , '
with Lee form 6, = —zv*. To see the relation with the construction we started with, note
that the complex manifold (K, I,) is biholomorphic to the diagonal Hopf surface

Cc? —{(0,0
X, - C {00}
(Va)

where (v;) = Z is generated by 7, (z1, 22) = (%21, €"22). So, we arrive at the following.
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Proposition 11.1.7. For any £,x > 0, the solution of the Killing spinor equations in
Lemma induces embeddings of the N = 2 superconformal vertex algebra of central
charges 6 and 6 + 6/ into the space of global sections of the chiral de Rham complex
Q%h[mc. The generators are, on each case, (10.9) and (10.10), and in both cases these
formulas work for k = 2, and the basis is given by formulas in the proof of Lemma|11.1.5,

Proof. Applying Theorem and Theorem and Lemma [11.1.5] we obtain
embeddings in the quadratic Lie algebras. So, we have embeddings of the N = 2 super-
conformal vertex algebra of central charges 6 and 6 + 6/¢ into the universal superaffine
vertex algebra VS’flper (gf) with k£ # 0. Now, as in Proposition if k = 2, there is
an embedding

‘/s%lper (g§> — T (QCEthZJR(C)

on the space of global sections of the chiral de Rham complex QCEh[@)RC. So, we obtain
two more embeddings of the NV = 2 superconformal vertex algebra of central charges 6
and 6 + 6/¢ into the global sections of the chiral de Rham complex of E, @ C. 0

Notice that these two constructions can be compared. Indeed, it can be seen that there
exists £o > 0 for which Ey, = E_je,,, where E_ 4, is the exact Courant algebroid induced
by the solution (¥, w) on the quotient X considered to construct the embedding .
So, multipliying w by ¢ > 0, we obtain the family of exact Courant algebroids Ej.

11.1.1.2 Compact Complex Surfaces

A complete classification for the solutions of the twisted Calabi-Yau equations (6.17)) on
compact complex surfaces was obtained in [39, Proposition 2.10]. As a direct consequence
of that classification, we can obtain a more general result for compact complex surfaces.
Let X be any compact complex surface, and suppose that (wg, ¥, A) is a solution to the
twisted Hull-Strominger system (6.16)). Now, by Gauduchon’s Theorem [41], there exists
¢ € C*(X) such that

U= eV € Q%(X),

w:=elwy e Q2(X),

is an SU(2)-structure satisfying that dd°w = 0. Even more, since

dw = dpe® ANw + e?dw = (do + ) A w,
clearly, the associated Lee form is by definition 6, = 0, + d¢ € Q(X).
Lemma 11.1.8. (V,w) is a solution of the twisted Calabi-Yau equations (6.17]).
Proof. Notice that, by hypothesis,

w2
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clearly, so we have an SU(2)-structure. Now, since
AV = dp AU + %0, A g
and db,,, = 0 by hypothesis, then
v =60,N¥, df,=0, dd°w=0. O]
In conclusion, we are ready now to state the following important result.

Theorem 11.1.9. Let X be a compact complex surface for which (wo, Wo, A) is a solution
to the twisted Hull-Strominger system (6.16)), and consider the string Courant algebroid
E = E_gjeyy,a- Then, there exists an embedding of the N = 2 superconformal vertex
algebra of central charge 6 into the space of global sections of the chiral de Rham complex
QCEh®RC. The generators of this embedding are given by (10.18)) for the frames above.

Proof. 1t follows easily for all the work we have done. Indeed, thanks to the classification
for solutions of the twisted Calabi-Yau equations on compact complex surfaces
obtained in [39, Proposition 2.10], we have that either (X, w,I) is a flat torus T* or a K3
surface with a Kéhler Ricci-flat metric (and hence 6,, = 0), or (X,w, I) is a quaternionic
Hopf surface and 6, # 0. In both cases, wy = e ®w is, in the corresponding (unique)

maximal atlas given by Lemma locally conformally Kéhler. Then, we can repeat
11.1.2

the same proof in Lemma [11.1.2| with f := e?, since we do not use the harmonicity of f.
The proof is now a direct consequence of Theorem [10.1.19| since (|10.16)) is global. [

11.1.2 N =2 from Hull-Strominger System on Complex Dimension 3

We study now two examples whose solutions to the Killing spinor equations come from
the Hull-Strominger System. From now, we will use the notations for m € N,

VIA AU = Vloems VAo A0™ =0l

where vy, -+ , U, v!, - -+, 0™ are the 1-forms such that v/ (vy) = (5i for j,k € {1,...,m}.

11.1.2.1 The (Homogeneous) Iwasawa Manifold

We start discussing an application of Theorem We show that from an invariant
solution of the Hull-Strominger system over a certain Lie group K, we can construct a
quadratic Lie algebra gx endowed with a solution of the Killing spinor equations as in
Definition where Theorem [10.1.5|applies. In particular, we will provide an infinite
family of examples for which Vf = [ ®1 does not define a Manin triple (as we mentioned
in Remark [10.2.8)). We restrict to a family of solutions studied in [40]. We will follow the
abstract definition of the equations in [39]. Consider the complex Heisenberg Lie group

1 Z92 Z3
G:=Hc = 0 1 = z € C
0 0 1
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The following 1-forms
w1 =dz1,ws = dzo, w3 = dzg — zodz;
define a global left-invariant holomorphic frame of 719G, and satisfy the equations
dwi = dwy = 0, dws = wq9,

from which all the exterior algebra relations can be easily derived. Now, for any choice
of (m,n,p) € R3 —{(0,0,0)}, we consider the purely imaginary (1, 1)-form given by

F =7 (m (w7 — wy3) + 1 (w3 + wyp) +ip (Wy5 — woy)) - (11.9)

Consider the left-invariant SU(3)-structure on G defined by

QN =wio3, w= % (wﬁ + Wz + w3§) . (11.10)
Notice that d2 = 0 clearly, while dw # 0 (we have Calabi-Yau non-Kéhler structure).

Proposition 11.1.10 ([40, Proposition 4.1]). Fiz o = (271’2 (m2 +n? —|—p2))71 € R.
Then, the pair (w, F) is a solution of the Hull-Strominger system. That is,

F%?=0, FAw =0,
d(||Q)ww?) =0, (11.11)
dd‘w —aF NF = 0.

Starting from any solution of the form , it is proven in [35] that one can construct
solutions of the Killing spinor equations on a transitive Courant algebroid over K. Taking
left-invariant sections, one obtains a quadratic Lie algebra endowed with a solution for
the Killing spinor equations as in Definition|7.1.5} similarly as in Proposition|7.1.9} Using
that the solution in Proposition is left-invariant, it follows that ||Q||,, is constant,
and hence w is balanced. That is, 6,, = 0. From this, the induced solution for the Killing
spinor equations has zero divergence and Theorem applies. Rather than given the
details of this general argument, we shall provide here an explicit direct proof. Denote
by hc the Lie algebra of G. Then, for any choice of (m,n,p) € R3 — {(0,0,0)}, one can
define a real quadratic Lie algebra with underlying vector space

Imnp = b(C ®IR® h(*Cy

pairing

(n(v) +&(w)) —art, forv+r+nw+t+E€ € gmnps

N |

(vt+r+nwt+t+§) =
and Lie bracket

[v+7r+nwt+t+E=[o,w] = &([v,]) +nllw,]) + iwiy (d°w) = F(v,w)
+20(ri F' — tiy F), forv+r+nw+t+E£€ gmnps
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where F' and « are as in Proposition [11.1.10} The definition of « is necessary for the Lie
bracket to satisfy Jacobi identity. More explicitly, taking a real basis of hi. defined by

w1 = vl + iv2,w2 =3+ iv4,w3 =t 4 z'v6,
one has the non-trivial relations
dv® = v'3 — 24 db = 1 4 2,
and the (integrable almost) complex structure on h¢ reads as
Tvi = vy, ITvy=wy, ITvs= vg,
where v; for j € {1,2,3,4,5,6} is the dual basis. From this, it follows that
135 | 236 4 146 _ 245

dw="v ,

and also that
F =2m (m (1234 - v12) +n (v23 — ’U14) +p (v13 + 1}24)) .

We prove that the previous data determines a solution of the Killing spinor equations
on gm,n,p With zero divergence. Consider the generalized metric on g, 5, defined by

Vi={v+gv,v) |vebc}, Vo={v+r—g,v)|v+rehbhcdiR},
where
g ) =w I =vlett+ 0?0’ + 3 @3 + vt @ vt + 05 @00 + 18 @ 0°.
Consider the spinor line (n) C SI corresponding to the complex structure on Vi 2 fc.

Lemma 11.1.11 ([2) Lemma 5.5]). The triple (Vi+,0,n) is a solution of the Killing
spinor equations on Gm n.p, and Vfrc C g%n,p 1s a Lie subalgebra if and only if m = 0.

Proof. Tt suffices to prove ([7.6)). An isotropic basis of V_&’O and V_E’l is given by

e P
€ :%((’Ug%—v:s)—i(vg—l—v?’)), g =

e :%((v5+v5)—z’(v6+vﬁ)), g =

SN PO

Now, a direct calculation shows that
+ 4] _ + + 4] _ + 4] _
[61,62]——\663, [61,63]—0, [62,63]—0,
and therefore [Vj’O,Vi’O} € Vj’o. Similarly,

[ef,éﬂ = —2mm, [6;,63_] = 2mm, [6;,63_] =0,
and therefore the first part of the statement follows. From previous formula, we conclude
that m # 0 implies V£ C Q%n,p is not a Lie subalgebra. The other implication is left to
the reader. 0
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So, by Theorem we obtain an embedding of the N = 2 superconformal vertex
algebra of central charge ¢ = 9 into the universal superaffine vertex algebra associated
to g%n’p, which works for any level 0 # k € C. When m # 0, these embeddings are not
associated to Manin triples, showing that Theorem [I0.1.5 provides a strict generalization
of Getzler’s construction mentioned in Theorem [3.3.3. That is, we have the next result.

Proposition 11.1.12 ([2, Proposition 5.6]). For (m,n,p) € R®—{(0,0,0)}, the solution
of the Killing spinor equations in Lemma [11.1.11] induces an embedding of the N = 2

superconformal vertex algebra of central charge 9 into the universal superaffine vertex al-
gebra V¥ (Q%n,p) for k # 0. The generators are given by (10.9)) for the basis above.

super

Proof. 1t is a direct consequence of Theorem [10.1.5|and Lemmma [11.1.11 O

Remark 11.1.13. As it is proven in [35], associated to a solution of the Hull-Strominger
system, there exists a transitive Courant algebroid E. Denote by E,,  , this transitive
Courant algebroid on K determined by the solution given in Proposition [11.1.10] Then,
similarly as in Proposition when k = 2 there exists an embedding

2 C ch
Vsuper (gm,n,p> — I (QEm,n,p®RC)

on the space of sections for the chiral de Rham complex of F,, , , ®r C. By Proposition
11.1.12] one obtains an embedding of the N = 2 superconformal vertex algebra of central
charge 9 into the space of global sections of the chiral de Rham complex Q%lm np@RC

Now, we will apply instead the general method for general transitive Courant algebroids
provided by Theorem Indeed, in order to apply Theorem we must see
that the associated torsion bi-vector o, vanishes by Lemma For j € {1,2,3},
consider the local isotropic frames

; 0 0 0 ;
N 2 [ g eWw Tl’OG,
€ € <8Zj> = T95- €€ ( )
- . =1 4= —iw 1,0
€:=g ‘dz;+dzj€e (T’G).
Lemma 11.1.14. The torsion bi-vector of w vanishes, that is,
o, = 0.

Proof. First, we will compute dw from ((11.10)). Since dw = % (wy93 — wWag) , then

1
dw = —dw(l, I, I') =5 (w15 + Wsr) - (11.12)

Clearly (04,)1; = (0w)gg = (0u)33 = 0, since £ is isotropic. Now, notice that

821 023
0
71 _
Ju 422 = 2822’
0 0
—1 =2 zZo— 1 2y — .
9y dzs Zgaz2 + ( + |22| ) 23

148



Chapter 11. Applications of the Main Results

So, by direct application of Lemma [10.1.18] using (11.12f), we obtain the non-zero values

€1,€2),€1) =—dw|g dz1,9 dZ2, — | = —2Z2,
€ d° Ydz1, 9 Yz 0 2
071

0
€,€2,€3) =—dw|g "dz1,9 "dZ2, — | =
€ d° 14 Ydz

82’3

That is, we have that

3
(0w =Y _(D([1, ] &), &) = —2 (g7 dz1(Z2) — g 'dZ3(2)) = 0.

J=1

Again, by direct application of Lemma [10.1.18] using ((11.12)), we obtain that
([e1,8], 1) = ([€1, €3], €2) = ([€1, €3] , e3) = 0.
That is, we have that

3

(Uw)13 F= Z (D([e1, €], ex) &) = 0.

=1

By direct application of Lemma [10.1.18] using (11.12)), we obtain the non-zero values

<[€27E3] >61> = —dw <g_1d22,g_1d23, 8) = 22%7
(92’1

€2,€3],€3) = —dw | g “dze,g "az3, — | = —22o.
€ d° Ydze, g Y dz 0 2
823

That is, we have that

3
(0w)as : = Y _(D{[e1, &) &) &) =2 (g7 'dz1(25) + g 'dZ3(Z2)) = 0.
Jj=1

In summary, we arrive at the desired result, applying antisymmetry to obtain that

(Uw)21 = (Jw)31 = (Uw)32 =0. ]

Proposition 11.1.15. For (m,n,p) € R® — {(0,0,0)}, consider the transitive Courant
algebroid E := E,, », associated to the solution to the Hull-Strominger system (11.11)).
Then, we induce an embedding of the N = 2 superconformal vertex algebra of central

charge 9 into the space of global sections of the chiral de Rham complex Q%@@C' The ge-
nerators of this embedding are given by (10.18) for the frames above.

Proof. 1t is a direct consequence of Theorem [10.1.19] and Lemma [11.1.14 O

We expect that the two embeddings we have obtained in Proposition[11.1.12|and Propo-
sition [11.1.15] actually coincide. We hope to prove this in future work.
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11.1.2.2 The Picard Calabi-Yau Three-fold

We give our last application of Theorem [10.1.19] We study the non-Kéhler Calabi-Yau
3-fold introduced by S. Picard in [7§]. Consider the complex 3-dimensional manifold

X :=C3/ ~, where (21,29, 23) ~ (21 + a, 20 + ¢, a2y + b), for a,b, ¢ € Z[i].
Observe that there is an holomorphic fibration structure
p: T? X — T*:=C%*~
[(21,22,23)] = [(21,22)]
The following 1-forms
w1 = dz1,ws = dzo, w3 = dzg — Z1d2zo
define a global holomorphic frame of 719 M, and satisfy the equations
dwi = dws = 0, dws = wy7.

Note that the difference between this new example and the Iwasawa manifold lies in the
1-form ws3. Indeed, this is qualitatively different, since here dws € QY1(X). Now, for a
choice of (m,n,p) € Z3 — {(0,0,0)}, we can consider the purely imaginary (1, 1)-form F
given by . Consider any u € C*°(T*,R), and define on X the forms

i
)= w3 =dz123, wu= B (€ (wig + wy3) + wag) -
Notice that d2 = 0 clearly, while dw, # 0 (we have Calabi-Yau non-Ké&hler structure).
Lemma 11.1.16. We have that
d (|2lw,ws) = 0.
Proof. Write
? u i
wpt = 5 (Wi + Woz) s Wy = € wps + JWa3-
Then,
2 Wg . e} .
HQHMK = —iQ N = —idz 1333,
3 .
w v oou 2 1,
B = 1€ Wi Awsg = —igeedaygg
So, [192|2, = Ae~2" for certain A € R. That is, |||, = Ae™". At last,
d (HQkuwi) =M (e (eQuw%4 + iwgz A e'wra)) = M (e"w@) =0,
since

dwqs A wrs = w3 A (dws A wrs) — wg A (dws A wpa) = 0.

Notice that this condition is equivalent to 6, = —dlog |||, So, b, = du. O
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Taking ¥, := ||| 1€, we obtain that (¥y,w,) define an SU(3)-structure solving (5.9).
So, by Lemma there exists a canonically associated unique maximal atlas on X.
Let F be as in (11.9)), for m,n,p € Z. Then, one can prove that

v 1,1 (4 2 (md
- [Flel (T*,R) n H* (T*,R) .

Hence, there exists an holomorphic line bundle with an hermitian metric (L, h) such that
F;, = F. Furthermore, consider

mnp) = [ PP

which is a positive integer. We have arrived at the following result.

Lemma 11.1.17. There ezists an SU(2)-bundle Ey over Ty with ca(E1) = k(m,n,p),
and a connection A1 on E1, such that its pull-back to X satisfies:

Fi? =0, Fa Awi:=0.

Proof. By [23] Chapter 4], we know that there exists a Hermitian-Yang-Mills connection
on T4 with respect to wr, and with second Chern class k(m,,n,p). The fact that A; is a
Hermitian-Yang-Mills connection for w,, follows easily from F' A wr, = 0. O

Lemma 11.1.18. For suitable o € R, there exists u € C*°(T* R) such that
ddwy = aF NF —atr Fa, A Fy,.

Proof. First, we will compute d°w,. Since

dw, = du A e“wrs + % (wWorg — Wa31)
then

dwy, = —dwy, (J-, J-, J")

1 (11.13)
=du N e"wps — 3 (wWorg + Wagy) -
Now, notice that
1
ddw, = iAW (%) why — WTo3,
where
Ay, (0) =1+« (=27 (m* +n® +p?)) —a |Fu,|*, for ¢ € C°(T*,R).

So,
1
iA‘*"ﬂ‘él (¢) w%“l = Wiz — & (27T2 (m2 + n? +p2)) Wity — atr FA1 A FA1‘

Now, we can solve this equation [23] for u,« such that e* = ¢ + C taking C' > 0 when

0= / way — o (27r2 (m2 +n? —|—p2)) + 812y (&1). ]
T4
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By proof of Lemmall1.1.17, we have that ad P = p* (iR @& End £;). Now, we consider the
transitive Courant algebroid

Ega:=TX ®adP&T*X,

where
H := —d,

and, for A;, Chern connection of (L, h),
A= Ah D Al.

By the previous results, for o € R and u € C>°(T*, R) as stated above, the pair (wy, Fi),
where w, is the (1, 1)-form defined before using this concrete u, and F4 is the curvature
associated to this particular connection, is a solution of the Hull-Strominger system
FY? =0, Fanw?=0,
d (||Qlw,w) =0, (11.14)
ddwy, — a (Fq A Fy) = 0.
In this example, the associated Lee form is exact (so, closed). So, we are in the hypothesis

of Theorem|[10.1.19, and we must see that the associated torsion bi-vector o,, from Section
vanishes. Consider for j € {1,2,3} the local isotropic frames

(99 0w (Lo
- <8Zj>—azj+g82j€e (T'0X) |

€= gildzj +dz; € e W (Tl’OX) .

Lemma 11.1.19. The torsion bi-vector of w, vanishes, that is,

o, = 0.
Proof. Clearly (04)1; = (0w)9y = (0u)33 = 0, since £ is isotropic. Now, notice that

_ _, 0

guldzl = 2e uazl’
0 0
—1 —u e
dzy =2 (e L <

g, dza <e 925 +e "z 823) ,

0 0

-1 —u —u 2

dzz3 =2 z1e"—+ (1 +e |z — .

u 3 ( ! 8,22 ( ‘ 1| ) 323)

So, by direct application of Lemma [10.1.18} using (11.13]), we obtain the non-zero values

0 0
<[E17€2] 761> = _dcwu <guldzl7guld?27 ) = _28722 (eiu) )

071

0 0
— = — _Jc u -1 3= -1 =9 L (v
<[€1762] 7€2> d“w <gu dzlygu d227 822) 821 (e )7

152



Chapter 11. Applications of the Main Results

That is, we have that

1

3
(@)= 3 P lerel ) a) = e Y1750 (G0 () o

= =0 c‘)sz 322_]'

Again, by direct application of Lemma|10.1.18] by (11.13]), we obtain the non-zero values

0 0
= = _ _Jc -1 5= 1z ~ )\ _ _9 7 —u
<[617 63} 761> = —d‘wy (gu dzlvgu ng, 621> 2822 (216 ) s
([€1,€3], €2) = —dwy | g, 'dZ1, g, 'dZ O 2i (z167%)
1,€3],€2 u m 1,9y 3 652 82’1 1 )

That is, we have that

3
(0w)i3: = Z (D([er, &3] ), &k) = 46_“2(—1)j 9 < 0 (zle_“)> =0.
; —

8Zj+1 822_j

Now, by direct application of Lemma [10.1.18] using ([11.13]), we obtain that
([€2,€3],€1) = ([€2, €3] , €2) = ([€2, €3], €3) = 0.

That is, we have that

(0w)og : = > (D ([e1,&)] , e) ;&) = 0.

Jj=1

In summary, we arrive at the desired result, applying antisymmetry to obtain that

(0w)g1 = (0w)31 = (0w)32 = 0. =
So, we can apply Theorem [10.1.19] We have the following.

Proposition 11.1.20. For (m,n,p) € Z3—{(0,0,0)}, consider the string Courant alge-
broid E := Ep o associated to the solution of the Hull-Strominger system (11.14), with
associated Lee form

0., = du, foru € C®(T*R)

as in Lemma|11.1.18. Then, we induce an embedding of the N = 2 superconformal ver-
tex algebra of central charge 9 into the space of global sections of the chiral de Rham com-
plex Q%®RC. The generators of this embedding are given by (10.18)) for the frames above.

Proof. Tt is a direct consequence of Theorem and Lemma [T1.1.19 O

This is the first (and unique, for the moment) non-homogeneous example with non-zero
closed Lee form for which we have constructed an embedding of the N = 2 superconfor-
mal vertex algebra into the space of global sections of the chiral de Rham complex.
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11.1.3 N =4 on Homogeneous Hopf Surfaces

The following discussion is essentially contained in [2, Section 5.1]. We summarize
here the main results, and suggest a generalization of the given embeddings. We will
show that each element of the constructed family of N = 2 superconformal vertex
algebra embeddings induced by Theorem and Lemma [11.1.5| embeds in certain
N = 4 superconformal vertex algebra with central charge 6. Fix ¢,z > 0, and consider
the obtained solution of the Killing spinor equations (V{,div?,I;) on the equivariant
Courant algebroid Ey over K = SU(2) x U(1) from Lemma Now, notice that g,
is compatible with the left-invariant hyperholomorphic structure (I, J, K;) on K, with

I, defined by , and J, and K, defined using by
2V, = wy, +iwgk,,
where g, = wy, (+, Jz*) = wik, (-, Kz+). More explicitly, we have
Jpvg = 209, Jyvg =01, Kpv1 = v, Kyvg = zv3,

and it is straightforward to check that the quaternionic identities hold.

Lemma 11.1.21 ([2, Lemma 5.1)). If £, > 0, the triples (V,div%, I,), (VE,divY, J;)
and (V{,divy, K;) are left-invariant solutions of the Killing spinor equations on Ej.
Consequently, the triple (I, Jy, K;) is an hyperholomorphic structure compatible with
g and fized Lee form
0, = —zvt.
Proof. The claim about the complex structure I, has been checked in Lemma [11.1.5
We check that (V{,divY, K,) is a solution of the Killing spinor equations on Ey, and
leave the other case for the reader. It suffices to prove that
wr, = W2 + Lo Ug, = (v! +iv?) A (iv® 4 z0?)

T

satisfies (6.17) with df wrk, = —Hy and 0, = —zvt. We calculate

AV, = izv® A (V! +iv?) = —av A Ty,

2= a0t NWK,

dfe wi, = —dwi, (Ky, Ky, Ky) = bov*'? (K, Ky, Kp) = —00'% = —H,.

dwg, = —lzv*

The statement follows from the structure equation for the Lee form on a complex surface,
given by dwg, = O, AWk, O

By Lemma [I1.1.2T] and Proposition [7.2.1] it follows that

Jm:wlx:wszsfr,

and hence condition ([7.11)) holds by Lemma [11.1.6
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Proposition 11.1.22 ([2, Proposition 5.2]). The solutions in Lemma|11.1.21] induce an
embedding of the N = 4 superconformal vertex algebra of central charge 6 into the space
of global sections of the chiral de Rham complex QE onC

J§ = Jo(V{,div, I, H; = H'(V{,divy, I,),
Ji = Jo(VE,dive, J,), H), = H'(VE,divy, J,),
J& = (Ve dive, Ky),  Hg=H'(VEdive, Ky),

are all the generators of each N = 2 superconformal vertex algebra from Theorem|[10.1.5
then Hy = H', = H}, and furthermore there are satisfied

[Joadi] == @x+9)J55 [iads'] == @x+8) 5, [Joado] =—@x+9) 1.

Proof. We write w; = Iv; and w’ = I/ for j € {1,2, 3,4}, where the vectors vj,v? for
j €{1,2,3,4} are as in Paragraph [11.1.1.1, We obtain the explicit formulas

J§ = % (: (w2 + (w?) (ws + (w?) : + : (i (w4 +£x2w4)> (wy + lw") :) :

Ji = 2% (: (ws + w?) (wy + fw') @ + (; (w4 —|—€x2w4)> (ws + Lw?) :) ,

I = % <: (w1 + tw') (wg + (w?) : +: (i (w4 +£z2w4)> (w3 + (w?) :) :
We compute [J{,J¢J] By the non-commutative Wick formula, we have

) = 5 (7 ([ 08 ot ) o)

+: [J({A (w3 + w?)] (w1 + w') : — : (w3 + (w?) [J({A (w1 + tw")] )
n (;x [ a0 18 G )] + 0]
+ [J({A (w4 + €x2w4)] (wg + €w2) D= (w4 + €$2w4) [J({A (wz + EwQ)] )) .

Now, we compute the following intermediate A-brackets,

[(wg + Ew?’)A JO] =—x (wg + lw ) + 2% ( (w1 + Ewl) (wg + Ew?’) :
( wy + CzPw? > (ws + tw?) 3) ;
[(wl + Ewl)AJO] =—-A— (w4 + 2w )

% (: (wg + €w2) (w1 + ﬁwl) :

= (3 o ) (an+ e0) ).

[(w4 + €x2w4)A J(ﬂ =xY (w1 + ﬁwl) .

[(w2+€w ) JO] = (wg—i—éw ) —
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Combining the non-commutative Wick formula, the antisymmetry of A-bracket, ((1.12)),
and (B.4)), since S is an antiderivation for the normally ordered product, we conclude

[J({AJ(]]] = i (X : (wg +€w2) (w1 —|—€w1) D4 (S (wg —|—€w2)) (w1 +€w1) :

20
+ % (X : (w3 + Ew?’) (w4 + €x2w4) D= (w3 + €w3) (S (w4 + €w2w4)) :)
—(A+T) (w3 + €w3) + A (w3 + €w3)
—X: (w1 —{—Ewl) (w2 + €w2) — (S (w1 —|—€w1)) (wg + £w2) :
— é (X : (w4 + €x2w4) (wg + €w3) D= (w4 + €w2w4) (S (wg + €w3)) :)

=—(2x+5)JE.

Finally, the identity H; = H', = H}; follows calculating a basis as in (3.8) in each case
and substituting in the formula from Lemma O

Remark 11.1.23. Note that the method of Proposition [11.1.22| does not apply to the
family of N = 2 superconformal structures with central charge 6+6/¢ in Theorem
Even more, this value of the central charge 6 for our family of N = 4 algebras coincides
with the one obtained via Theorem Maybe the generalizable result is this last
one. It would be interesting to compare these two supersymmetry generators.

In conclusion, this Proposition [11.1.22] suggests a generalization of our constructions.

Conjecture 6. When V. is 4k-dimensional, and we have that G, = Sp(k) in Lemma
where Sp(k) denotes the compact symplectic group, then there exists an embedding

of the N = 4 superconformal vertex algebra into V¥ ..(g).

Remark 11.1.24. It would be interesting to study what happens when we have other
type of geometric structures, such as solutions to the Ga-Strominger system (see [18] for
more information on this). Based on the work by Rodriguez Diaz in [80] for the chiral
de Rham complex over a smooth manifold with holonomy G5, one can expect to induce
embeddings of the Shatashvili-Vafa vertex algebra [81], generated by a superconformal
vector and a non-primary even field, from solutions to the Go-Strominger system.

11.2 (0,2) Mirror Symmetry on Hopf Surfaces

The main goal of [2] is to find the first examples of (0,2) mirror symmetry on compact
non-Kéhler complex manifolds. For that, we have followed Borisov’s approach to mirror
symmetry in [13], which needs SUSY vertex algebras and the chiral de Rham complex.
The responsible for the mirror symmetry in which we are interested in is our embeddings
of the N = 2 superconformal vertex algebra. Concretely, we constructed (0,2) mirror
pairs in the Hopf surface, via T-duality for the family of solutions for the Killing spinor
equations in Lemma Thanks to [36, Theorem 6.5], such solutions are preserved
under T-duality, and we shall prove that the T-dual of (V, div¥,7,) is a different element
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in the same family. We start recalling some background on topological T'-duality following
[38, Chapter 10]. Let T* be a k-dimensional torus acting freely and properly on a smooth
compact manifold M, so that M is a principal T*-bundle over the smooth manifold given
by B := M/T*. We endow M with the choice of a T*-invariant cohomology class

re Y (M,R)™

Now, fix another pair (M ,7) consisting of a smooth compact manifold M with a proper
and free T*-action such that
M ~ 3/ 'f[‘k
B = TR and 7 € H°(M,R)

Consider the fibre product M = M x g M and the diagram

/\
\/

Definition 11.2.1. We will say that two pairs (M,7) and (M,7) as above are T-dual
if there exists representatives

HeP0n™ ieadon™
of 7 and 7 cohomology classes above, respectively, such that ¢*H — (j*ﬁ = dB, where
B e ()™
is such that B: Kerdq ® Kerdg — R is non-degenerate.

Given M as above, if t = B x Lie T*, we have the natural exact sequence

TM
O—>t—>ﬁ—>TB—>O.

This one induces a filtration
CB)2FCFC...CF =0 (M),

where F' = Ann(A"t1¢) for i € N. Now, given the T-dual pairs (M, 7) and (M, 7), there
exists representatives
Her HeT

in F! of M and M, respectively, in the conditions of Definition [11.2.1 [38, Lemma 10.5].
Let E be an exact equivariant Courant algebroid over M with respect to the T*-action.
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Recall that such an E has an associated Severa class [F] € H3(M, R)Tk. Consider the
vector bundle E/T*¥ — B, whose sheaf of sections is given by the invariant section of E.
We can endow E/T* with a natural structure of Courant algebroid, with pairing and

Dorfman bracket given by the restriction of the neutral pairing and Dorfman bracket on
E to F(E)Tk. We will call E/T* the simple reduction of E by TF.

Theorem 11.2.2 ([I7]). Let E — M and E — M be two equivariant exact Courant
algebroids. Assume that (M, [E]) is T-dual to (M,[E]). Then, there exists a canonical
isomorphism of Courant algebroids between the simple reductions

E E

We briefly describe the construction of . We will choose the equivariant isotropic
splittings of F and F such that the corresponding 3-forms H and H are in F! of their
respective fibrations. Given X +{ e '(TM & T*M )Tk, choose the unique lift X of X to
the invariant sections of TM such that

¢E(Y)-B(X,Y)=0, forY et (11.16)

Due to this condition, the form ¢*¢ — E(X, -) is basic for the bundle determined by g,
and, therefore, can be pushed forward to M. Then, v is defined by the explicit formula

P(X +£€) =¢(X+¢°¢-B(X, ).

To apply T-duality to the situation of our interest, we regard K = SU(2) x U(1) as a
T!-principal bundle over S? = SU(2), via the natural left action of the central subgroup

T! = U(1) € SU(2) x U(1)
given by the second factor. Given ¢ € R we consider the closed 3-form Hy in .
Lemma 11.2.3 ([2, Lemma 4.13]). For any ¢ € R, the pair (K, [Hy]) is self-T-dual.
Proof. We regard the correspondence space K in Definition inside the Lie group
i K — K x K,
where K is a copy of K. Then, define B as the pull-back to K of a left-invariant 2-form
B = (vt Aoh). (11.17)

Then, we have dB = 0 = p*H, —ﬁ*f[g, where we used that H, and flgire both pull-back
of the same 3-form on B = SU(2). The non-degeneracy condition on B follows from the
fact that this 2-form is bi-invariant. O

Proposition 11.2.4 ([2, Proposition 4.14]). Given 0 < £ € R, consider the equivariant
exact Courant algebroid E; over K. Then, two solutions (V,divy,n,) and (Vf, divy, nz)
as in Lemma are exchanged under T-duality, provided that

1

E— 11.1
Z = ( 8)
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Proof. We calculate first the isomorphism :11.15) in Theorem [11.2.2| corresponding to
the 2-form (11.17). Firstly, notice that by (11.16)) we have

b(vj) = b5, P(!) =0, for j =1,2,3.

A direct calculation also shows that
Ylu) = 0", P(v') = s,
By definition of V¥ (see (11.7)) we have
Vi = (v2 + 0% g + 003, 01 + Lot vy + €m2114> CTKoT'K,
and therefore
Vo= (V) = (0 + 002, 53 + 003,61 + 01, 0% 4 £204) C TK © T*K.
From this, for & defined as in (|11.18)), the T-dual metric is
G =L @0 + @9+ 07 ®0° + (tz) 20! ® 01) = g;.
Similarly, writing 5£ for the orthogonal projection of ¥ onto V& = Vf, we have that
Y(EY) = =2 (Fva+2vt) = =3 (L0* + 204) = €%,
The T-dual complex structure I, = ¢Ix¢|}1+z is given by fx’[)g = 73, and .fxm = ﬁ@l. O
We are ready to state the main result in [2], which gives the first examples of (0, 2) mirror
pairs on compact non-Kéahler complex manifolds. For that, we fix a non-zero £ € R, and
we identify a left-invariant solution (V,,divy,n) for the Killing spinor equations on the
equivariant Courant algebroid Ey over K, as in Lemma [11.1.5] with (Vi e, T) solution
of F-term and D-term equations on gy (see Proposition and Proposition [7.2.1]).

Firstly, if (V4,e4, 1) is a solution of (7.6 with £, holomorphic, then so is (Vi, ey, —1I)
(see Remark [7.2.2)). Secondly, if we denote by

J = J(V+7 €+, 1)7 H:= H(V+7 €+, I) € ‘/s%lper (gé?)
the generators of the embeddings constructed in Theorem|[10.1.8] then, by Remark
J(V+,€+,—I) = —J, H(V+,€+,—I) = H. (1119)
Finally, by a result of Linshaw-Mathai [72], the T-duality isomorphism (11.15) induces
T! T!
N (P R N (0 (11.20)

isomorphism, where here we have the sheaf of SUSY vertex algebras on K generated by
the T!-invariant sections of Ey and functions on K/T! =2 SU(2) (for a precise definition,
see [72, Section 5.2]). Notice that, by Proposition [10.1.11} we have an embedding

Vier (o) = 10 (50015 (90c) ).

The existence of ([11.20) relies on the fact that (M, [Hy]) is self-T-dual.
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Theorem 11.2.5 ([2, Theorem 4.18]). Given non-zero ¢ € R, consider the one-parameter
family of solutions (V{,divi,I;) on E; as in Lemma parametrized by x € RT.
Then, (V¥,divy, I;) and (Vf, div’, —1I3) are related by (0,2) mirror symmetry, provided
that & = 1/4x. More precisely, if

J = JV{,divl, 1), H=H\V{, divi, 1),

J=J(VE divi, —1), H=HVEdivt, ~1,),
are the generators of the embedding with central charge 6 + 6/¢ constructed in Theorem
then the Linshaw-Mathai isomorphism (11.20) realises the mirror involution

W) =—J,  ¢N(H)=H.

Proof. The solutions of the Killing spinor equations (V, divY, I,)) constructed in Lemma
11.1.5| are such that the corresponding divergence e, € V' is holomorphic in the sense

of Definition (see Lemma [11.1.6]), and hence Theorem [10.1.8| applies. The central
charge is given by ¢ = 6 + 6/¢. By ([11.19)) it suffices to prove the identity

YM(T) =T = J(VE dive, I).

To see this, we write w; = Ilv; and w/ =TI for all j € {1,2,3,4}, where the vj, vl are
as in Section|11.1.1.1} By (1.12)) and setting a = ¢z, a simple calculation shows that

1/1
J == f:w2w3:+:w2w3:+:w2w3:+g:fw2w3:
2 \/ x
1 1 1 1
+ S rwgwy 4= wgwt  4x s wtwg e wtet ) = 28 [ w4+ w! ,
a T 2 14
= 1/1 PR POPN POPR
J:2(E:w2w3:+:w2w3:—|—:w2w3:+a:w2w3:
T

o~ o~ ISV 1 4. 1 1. R
+ 2 Wyl : a0 4= A0 = ot :)—25 <€w1+w1>.
a T

Now, using that 1" is an isomorphism of SUSY vertex algebras (so, in particular, is an
homomorphism for the normally ordered product and Sy = 1°1S), we obtain that

1/1 PN PO a g
wCh(J):(:w2w3:+:w2w3:—|—:w2w3:—|—w:w2w3:

2 \/
L B L VA T oy s P e TIPS I I
+ —wWwWy s — s ww : HFx o Waw : a Waw Sl-w+w )| =J,
a x 2 l
which concludes the desired identity. O

Now, since we have a more general result for any string Courant algebroid admitting solu-
tions to the twisted Hull-Strominger system (6.16]), we can state the following.

Conjecture 7. It is possible to construct more examples of (0,2) mirror symmetry on
(non-homogeneous) compact non-Kéhler complex manifolds via T-duality.

We hope to obtain more examples of (0,2) mirror symmetry in future work.
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Appendix A

Rules and Identities in (SUSY)
LCAs and VAs

In this appendix, we collect some relevant rules and identities about (SUSY) Lie confor-
mal algebras and (SUSY) vertex algebras in order to clarify their axioms.

A.1 Lie conformal algebras

Let R be a Lie conformal algebra. Then, we must apply the following rules to define the
expressions appearing in Definition [1.2.1}

e Sesquilinearity. To obtain (0 + x)[axb] as an element of C[u] @ R in (1.9)), first cal-
culate the A-bracket, and then commute 9 with A to the right.

o Antisymmetry. To obtain [b__pa] as element of C[A\|@R in (|1.10)), first expand the
A-bracket as follows "
L
[bua] = § ch

neN

in Clu]® R, where p is a new even formal parameter, and then replace p by —A—9
applying 9 to the coefficients ¢, € R.

e Jacobi identity. To obtain
{[a)\bh_w c} eCN@Clul@R

in (L.11)), first calculate [[a)b], ] € C]\|®@ Clw]®R, where w is another even formal
parameter, and apply the identity

[p(:u)a)\b] = p(,u) [a)\b]a for a,b € R, (Al)

for any homogeneous polynomial p(x) in p (the sign follows from the Koszul sign
rule applied to the parity-preserving A-bracket, because i is even) to obtain an ex-
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pansion of the form

lablod = 3 2

C
nlm!
n,meN

Then, replace w by A+pu, and use that A and u are commutative formal parameters.
To calculate the other two terms in ((1.11)) as elements of C[A\]@Clu]®7R, we proceed
as above, using previous relations and

[axp(p)b] = p(p)[arb], for a,be R,

for any homogeneous polynomial p(u) in p (the sign follows from the Koszul sign
rule applied to the parity-preserving A-bracket, because p is even).

A.2 Vertex Algebras

Let V be a vertex algebra. Then, we apply the following rules to define the expressions
appearing in Theorem [1.2.9

e Quasicommutativity. To compute the integral in (1.12)), we use the expansion

)\n
laxb] = > —ramb € CA @ V.
neN

Then, on each term p()\) = \"a,)b € C[A\] ® V, compute the indefinite integral in
the formal parameter A, taking the difference of the values at the limits.

o Quasiassociativity. The first integral in is computed by expanding [byc| as
above, putting the powers of A inside the integral in the left, under the integral
sign, and performing the definite integral on each term p(\) = \'a € C[A\] ® V.
The second integral in is calculated applying the same rules.

e The non-commutative Wick formula. To compute the integral in (1.14)), expand

lasblcd = 3= 22 (a(0) o CECN @ Cl] @V,

nlm!
n,meN

using that A and p are commutative formal parameters, and (A.1)). Then, perform
the definite integral on each term

p(,u) = A" (a(n)b) (m) ce (CP‘] ® (C[:u] QV.

Remark A.2.1. In the quasiassociativity identity (|1.13]), we have omitted the parenthe-
sis that determines the order for computing the normally ordered products for simplicity,
since it is clear thanks to the notation we are using for the normally ordered product.

Remark A.2.2. In the last two identities, that is, (1.13]) and (1.14]), we must apply the
identities

:(p(N)a)b:=p(A) :ab:=:a(p(A\)b) :, fora,beR,

for any homogeneous polynomial p(\) in A (the sign follows from the Koszul sign rule
applied to the parity-preserving normally ordered product, because A is even).
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A.3 SUSY Lie conformal algebras

Let R be a SUSY Lie conformal algebra. Then, we must apply the following rules to defi-
ne the expressions appearing in Definition [2.3.1

o Sesquilinearity. To obtain (D + x)[aab] as an element of £L ® R in ({2.8)), first
calculate the A-bracket, and then commute D with x and X to the right using the
relations [D, \] =0 and [D, x| = 2.

e Antisymmetry. To obtain [b_p_va] as element of £L® R in ({2.9), first expand the

A-bracket as follows
Pn| J

Cn|J

[bra] = n!

neN
Je{0,1}
in £'®R using the relations [y,n] = 0 and [, n] = —2~, where L' is other copy of £
generated by the pair I' = (v, ), and then replace I' by —A—V = (=A—09, —x—D)
applying 0 and D to the coefficients c,; € R.

e Jacobi identity. To obtain [[aably pc] € L® L ® R in (2.10), first calculate
[[anb]g c] € LOL"®R, where L” is other copy of L generated by the pair Q = (w, §),
and apply

[p(D)anb] = (=1)Plp(T)[arb], for a,b e R, (A.2)

for any homogeneous polynomial p(I') in I" (the sign follows from the Koszul sign
rule applied to the parity-reversing A-bracket) to obtain an expansion of the form

An|JQm|K
[aablad = > T Cnlgml K
J,?(:ZL{EOI,\II}

Then replace Q by A+T = (A+~, x +n) and use the following relations between
these formal parameters [\, 7] = [A\,n] = [x,7] = [x,n] = 0. To calculate the other
terms in as elements of £L® L' ® R, we proceed as above, using the previous
relations and

[aap(T)b] = (—1)‘p|(‘“|+1)p(F)[aAb], for a,b € R,

for any homogeneous polynomial p(I') in I" (the sign follows from the Koszul sign
rule applied to the parity-reversing A-bracket).

A.4 SUSY Vertex Algebras

Let V be a SUSY vertex algebra. Then, we must apply the following rules to define the
expressions appearing in Theorem [2.3.6
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e Quasicommutativity. To compute the integral in (2.12)), we will use the expansion
(2.11). Then on each term p(A) = A”'Ja(nu)b € LRV, apply the formula

0 0
v = [ anoua). (A.3)

i v/ _
where we are taking first the (left) partial derivative with respect to the odd formal
parameter Yy, performing the indefinite integral in the even formal parameter A,
and, finally, taking the difference of the values at the limits. Notice that the (left)
partial derivative Oyp(A) is zero if J = 0, while it is given by A\"b(,1)a if J = 1.

e Quasiassociativity. The first integral in (2.13)) is computed by expanding [bac] as
above, putting the powers of A inside the integral that we have on the left, under
the integral sign, and performing the definite integral

v T
/ d"Ap(A) = / dX (9 p(A))
0 0

on each term p(A) = aA™’ € L& V. Notice that we perform right partial derivati-
ves O;Cp(A), which is zero if J = 0, while it is given by a\™ if J = 1. The second inte-
gral in ([2.13]) is calculated applying the same rules.

e The non-commutative Wick formula. To compute the integral in (2.14)), we expand

AR mIK ,
[aablrd = ) e (a(n.1)b) i) CELOL DV,
J,TIL(Z?{EOI,\II}

using the relations [\, v] = [\, 7] = [x,7] = [x, 7] = 0 and (A.2)). Then, perform the
definite integral on each term

p(L) = AT (app0b),  ceL@L @V,

(m|K)

applying the formula

A A
| arom = [ av@pm. (A4)
Notice that the (left) partial derivative d,p(I") is zero if K = 0, while it is given
by (—=1)7x7 Any™ (a(ni.b) (mi1) € if K =1.

Remark A.4.1. In the notations of [52, Equation (3.3.3.2), Theorem 3.3.14, Equation
(3.2.6.12)], all the integrals that have the form and are taken from the right,
which means that they take the right partial derivative with respect to the odd formal
parameter. This does not change the final result.

Remark A.4.2. In the last two identities, that is, (2.13]) and ([2.14]), we must use that
:(p(M)a)b:=p(A) :ab: and :a(p(A)b) := (=1)Plp(A) :ab:, for a,be R,

for any homomegeneous polynomial p(A) in A (the sign follows from the Koszul sign rule
applied to the parity-preserving normally ordered product).
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Appendix B

Intermediate Computations

In this appendix, we collect some relevant remarks and various identities about quadratic
Lie superalgebras, universal (super)affine vertex algebras, Courant algebroids, the chiral
de Rham complex, and basic linear algebra (concretely, Jacobi’s Formula). To simplify
the computations, we will use the Einstein summation convention for repeated indexes.

B.1 Quadratic Lie Superalgebras

Let (g, (-|-)) be an n-dimensional quadratic Lie superalgebra, and {a;};—1,.., C g a basis
with {a’};=1,._n C g dual basis with respect to (-|-).

Lemma B.1.1. The following identity holds:
[aj,aj] =0. (B.1)

Proof. Firt, notice that [aj , aj] is independent of the choice done of the basis. Therefore
we can assume that {a;};j—1 1 C go, for some k& < n, is formed by even vectors and
{aj}j=k+1,..n € g1 is formed by odd vectors. Since the bilinear form(-|-) is even, their
dual elements have the same parity. Then

e by the Gram-Schmit method, we can obtain {u;};—1 _x C go an orthogonal basis
such that u/ = €ju;, where ¢; € {—1,1} for j € {1,...,k}. So, given that the bra-
cket is antisymmetric for even elements,

[aj, a;] = Zej [uj,u;] = 0.

k k
=1 j:l

J

e Since (+]) is a symplectic form on gy, it is even dimensional, say of dimension 2m, so
it has a symplectic basis {e;, f;}j=1,..m C g1, with dual basis {e/, fj}j:L_“,m -
satisfying e/ = f; and f/ = —e; for j € {1,...,m}. Now, since the bracket is sym-
metric on the odd elements,

n
>, lha] = [l e] + [, fi] = [¢.e5] = [ej. /] = 0.

j=k+1
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In conclusion, we have that [aj,aj] = [uj,uj} + [ej,ej] + [fj,fj} = 0. ]
The following result provides a useful formula for the adjoint action of the Casimir ele-
ment ) for a quadratic Lie algebra (g, (+|-)) (see Definition and (3.2))).
Lemma B.1.2. Fora € g, the following identity holds:

Qa) = Ha,aj] ,aj] . (B.2)
Proof. This is a direct consequence of (3.2)), because € is independent of the choice of
basis. Indeed, it is easily checked that the basis { (—1)W|aj }i=1,..n € g has dual basis
{a;}j=1,..n C g with respect to (-|-). Then

a) : = [0/, laja]] = [a;, [(-1)Ia,a
= (_1)|aj\(_1)|aj|+|aHa]-|(_1)\a||aj\ [[a, aj] ca;] = [[a, aj] Ja;]

because (-|-) is even and so, |aj| = |a’| for j € {1,...,n}. O

B.2 Universal Affine Vertex Algebras

Let V¥(g) be the universal affine vertex algebra with level k € C associated to (g, (-|)),
1 _1__, € g the dual basis with respect to (-|).
Lemma B.2.1. Fora € g, the following identity holds:

0=:[a, aj] aj : +(71)‘“”“j‘ s d [a,a5] ;. (B.3)

Proof. This follows from supersymmetry and invarince

: [a,aj] aj : =: ((ak| la, aj]) ak) a; :=: a” ((Jak, a] |a?) a;) :
= —(=1)larllal: oF [q, ay] :;
0= —(=1)lorllel : o¥ [q, qp] : +(=D)ol9'] : 47 [q, aj) :
=: [a,d] a; : +(=1)lell’] : 47 [a, a ] -,

because (-|-) is even, so |a;| = |a’| for j € {1,...,n}. O

B.3 Universal Superaffine Vertex Algebras

Let Vs’flper(g) be the universal superaffine vertex algebra with level £ € C associated to

(g,(:]-)), and II: g — IIg the parity-reversing functor.
Lemma B.3.1. For a,b € llg, the following identities hold:
cab: = (—=1)llb ;b -, (B.4)
ca(Sb) : = — (=)l (ShYa : +T[a,b].
ca(Th) : = (=)l (Th)a -,
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Proof. All the identities are immediate consequences of quasicommutativity. O
Lemma B.3.2. For a,b,c € Ilg, the following identities hold:
ca:be = (=1D)llbl—nylallel e g0 4 ET ((alb) ¢ — (ale) b)),
ab:ic:=:1a:bc:: +kT <(c]b)a + (=1)lalll (¢a) b) :
2 a(Sh) e =:a:(Sb)c:+: (Ta) b, : +(=1) Pl (—1)lelkTS (ale) b.

Proof. The first identity is an immediate consequence of quasicommutativity, while the
last two identities follow from quasiassociativity. O

Now, abusing notation, and keeping in mind Remark [3.:2.1] write

a; :=Ila; and o :=T1ld/, forje{l,...,n},
for {a;},_, _, C g basis with dual basis with respect to (-|-) given by {a/ }jzl,...,n Cg.
Lemma B.3.3. For a € Ilg, the following identities hold:

0= (—1)‘“jl+1 1 (S [a,d’]) a; —|—(—1)|a”“j|'H 2 (Sa?) [a,a] ¢, (B.5)
0=: [a,aj] D ag [ak,a]} i +(—1)(‘“|+1)|“j‘ cal : [a,a] [ak,aj] i
+ (=1)(lalDarl+lasl) . g7 g {a, [ak,aj” i (B.6)

Proof. The identity follows because by antisymmetry and invariance,
(=)l (Sad) [a,05] 5 = (~D)1 s (Sad) (([a,050|a" ) )
= (—1)‘“'“‘”'+1 : (S (aj ‘ [a, ak] ) Ej) ay
= —(—1)"1k‘Jrl : (S [a, akD ay :,
since |a’| = |a;| = |a|+|a*|+1. The identity follows because by the Jacobi identity,
(—1)(al+Darl+asl) . g3 . g, [a, [ak,ajﬂ = (—1)(lel+Dlaxl+lah) . gi . g Hmk} 7%.]
+ (=) {lasl et . 47 - g, [ak7 [a,aj]} 7
so, by antisymmetry and invariance,
: [a,aj] s ag [ak,a]} = —(=1) el eI+ i . g [ak, [a, aj]} ,
(—1){alDle’l . o3 . (4, ay) {ak,%} o= —(—1)UalEDacl+la)) ;g3 . g, H“’ak} 7%]. O
Lemma B.3.4. The following identities hold:
0= (—1)"’“”'*'1 cdlaj (B.7)
0= (—1)|aj|+1 : [aj,ak] [ak,aj} i (B.8)
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Proof. Both identities follow directly from (B.4]). O

We will use other identities for Vs]flper(g) when g is even, but we will write them below for

the chiral de Rham complex of a general Courant algebroid F over any smooth manifold
M (recall that they are isomorphic when M = {-} and k = 2, by Theorem [9.1.11{(2)).

B.4 General Courant Algebroids

Fix E any Courant algebroid over a smooth manifold M (see Definition [6.1.1]).
Lemma B.4.1. For a € I'(E), the following identity holds:
2[a,a] = D{a,a). (B.9)
Proof. 1t is straigthforward from quasiantisymmetry axiom for Courant algebroids. [
Lemma B.4.2. For f € C*(M) and a,b € T'(E), the following identity holds:
[fa,b] = fa,b] — fD{a,b) — (Df,b)a+ Db, fa). (B.10)

Proof. 1t is straigthforward from Courant algebroids axioms. O

B.5 Chiral de Rham Complex

Let E be the complexification of a real Courant algebroid over M smooth manifold, and
take the chiral de Rham complex Q%l of E (see Section . Recall that we will work
with parity-reversed sections (see (0.3))). We will write some identities for sections of Q%
for k € C, although they work only for £ = 2 when M # {-} (see Theorem 2)).

Lemma B.5.1. For f,g € C*°(M,C), the following identity holds:
(T (Thg) = (T"g)(T™f):, for m,n € N.
Proof. This identity is immediate from quasicommutativity. O

Since the previous identity is quite obvious and is used very often, we will not refer to it
directly in the other results.

Lemma B.5.2. For f € C*°(M,C) and a € I'(ILE), the following identities hold:

[an] = <Df7 CL> ’ (Bll)
S(fa)=:f(Sa): —i—% :(Df)a:, (B.12)
(T"a) (T"f) .= (T"f)(T™a) :, for m,yn €N. (B.13)

Proof. The first identity is a direct consequence of the antisymmetry of the A-bracket, the
second one is for being S an odd derivation for the normally ordered product, while the
last one is immediate from quasicommutativity. O
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Lemma B.5.3. For a,b € I'(ILE), the following identities hold:

cab:+ :ba:=2T (a,b), (B.14)
:(Sa)b:=:b(Sa): 4T [a,b], (B.15)
a(Th) : 4 : (Th)a:=T?*{a,b). (B.16)

Proof. All follow from quasicommutativity. Note that these identities are the generaliza-
tion in the even case of the identities in Lemma to the chiral de Rham complex. [

Lemma B.5.4. For f € C*°(M,C) and a,b € T'(ILE), the following identities hold:

wab: fi=:frab:, (B.17)

ca: fbu=ufbra:+2T(: f{a,b):), (B.18)
cab: fi=ra:bf (B.19)
caf:bi=ra: fo:+2:(Tf)(a,b):, (B.20)

af : (Sb) c=:a: f(Sb)::—: (Ta)(Df,b): —: (Tf)(D{a,by — [a,b]) :, (B.21)
a(Tf) ca: (Tfb:+2: (T2f) (a,b) :, (B.22)

: (Ta ) :=:(Ta) : fb: —: (T°f) (a,b) -, (B.23)
(T(a )) = f(T(Gab:)):. (B.24)

Proof. The first, second and last identities follow directly from quasicommutativity, while
the other ones are all immediate consequences of quasiassociativity. Some of the identi-
ties need to use the non-commutative Wick formula in their proofs. 0

Lemma B.5.5. For f,g € C*°(M,C) and a,b € T'(ILE), the following identities hold:

2 fgrabi=:f:g:ab::, (B.25)
sfazgbu=:fra:gb::42:(Tf):9(a,b):. (B.26)
Proof. Both identities follow from quasiassociativity. O

Lemma B.5.6. For a,b,c € I'(IIE), the following identities hold:

ca:be=:bc:a:+2T ({a,b) c— {(a,c)b), (B.27)
mab:c:=ra:bc::+2(: (Ta)(bc): —: (Tb) (a,c) 1), (B.28)
a(Sb):c:=:1a:(Sb)c::+:(Ta)b,c]:+2:(TSH) (a,c):, (B.29)
cazbe=b:ca:+20¢c(T{(a,b)):—:b6(T (a,c)):), (B.30)
cazbe=1c:ab:+2(¢a(T(b,c)):—:b(T(a,c)):+:¢(T(a,b)):). (B.31)

Proof. The identity follows directly from quasicommutativity, while the identities
and follow from quasiassociativity. Note that these three identities are the
generalizations in the even case of identities in Lemma to the chiral de Rham com-
plex. The last two identities are obtained combining the first ones in the correct order.
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Indeed, the first identity follows applying (B.27)) and (B.28]), while the second one follows
applying (B.28)) and (B.27) in that order. Notice that they are valid if M = {-} and we
have even Lie algebras (in this case the terms multiplied by 2 are zero). O

Lemma B.5.7. For f € C*°(M,C) and a,b,c € T(ILE), the following identities hold:

s fanber=ra:b: fe: 420 (Tf)(: {a,b)c: —:bla,c):) ), (B.32)
cazb:fei=—:bra: feu:+2: (T (a,b)): fe:, (B.33)
cazb: fei=raubfic:=2:(Tf):(bca::. (B.34)

Proof. The first identity follows from quasiassociativity, and applying identities (B.17)),
(B.19) and (B.13) in that order. The second one comes from quasiassociativity, (B.14)),
and quasiassociativity, in that order. The last one follows from quasiassociativity. O

Lemma B.5.8. For a,b,c,d € T'(IIE), the following identities hold:
cazbendi=raxube:d:+k(:(Ta)((d,c)b—{(d,b)c): 4+ :T(:bc:){a,d):), (B.35)
cazbe:di=—berdia+k(:{a,b) (T (ed:)):—:{a,c) (T (:bd?:)) :

+: (T (:bc:))(a,d):). (B.36)

Proof. The first identity comes from quasiassociativity, while the last one comes from
quasicommutativity. In both cases, we use the non-commutative Wick formula. We also

have to use (B.17) and (B.24). O

Now, suppose that £ =1®1@® C_, where C := 1@ C E, for two isotropic subbundles
[ and [ such that the restriction of (-, -) to C is non-degenerate, and C_ = Ci. Keep in
mind the notations . Consider {¢;, €; };L:l C I®l isotropic frame, and the associated
sections

ej:=Tlej and ¢/ :=Tg;, for j € {1,...,n}.

Lemma B.5.9. The following identity holds:

(el [ehe)] i T<[ej,ek], [ek,ej}_> . (B.37)

Proof. 1t follows from (B.14]) directly, using the axioms of Courant algebroids. O
Define

I_|_Z C+ — C+
a = a—a;

Abusing notation, we will write I 1la =111 a for a € C}.

Lemma B.5.10. For a € I'(ILE), the following identities hold:

2T<[a,ej] ,ej> =: [a, ejhej i+ €l [a, ej); (B.38)
: [I+a+,ej]+ej c4el iat,ef], = <[al,ej] ,ek> tegej i <[ai, ej} ,ek> efel
+ 2T ([I1at, €] ej). (B.39)
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Proof. The first identity comes from (B.20]) and (B.13)), while the second one also needs
(B.17), (B.18) and (B.19). In both cases, we need the axioms of Courant algebroids. [

Define w := I [/, ej]+ eI (IICy) .
Lemma B.5.11. The following identity holds:
tel lej,w], 4 [ej,w]iej c= " (D {w,er)), : + (D <w,ek>)iek :
— 2T<[w ej] ej>
Proof. 1t follows using Courant algebroid axioms, and (| - 0

(B.40)

Assume from now that [ @ [ satisfies the F-term condition (6.26]).
Lemma B.5.12. For a € I'(IIE) and j € {1,...,n}, the following identities hold:

[a, ejL = [al,ej]l or, equivalently, [ej,a]l = [ej,al]l, (B.41)
[a, e;]; = [ay, ej]i or, equivalently, le;,al; = [ej,aﬂz. (B.42)
Proof. By F-term condition and Courant algebroid axioms
[az, ej]l = lay,e;]; =0,
[a_,ej]l = <[a_,ej] ek> e = <a_, [ej ek}z> er =0,
la_,ejl; = ([a—,¢e;], e) ek = (a—,lej,ex);) = 0.

In conclusion, we have obtained the desired identities. ]

Now, we collect a result that will be useful in the next Appendix to prove Lemma [C.2.3]
Lemma B.5.13. For eachi € {1,...,n}, define

a; 1 =:¢€;j: [ek,ej]l [ei,ek]l o
bi:=:ej: (D<[ek,el} ,ej>>lek :,
A 001 (Sl ) 4 G 20 )
B;:=: e ej], : ep [e } t+ e e er); [ej,ek}z
+:ej:ep {ei, [ej,ek”+ o [ei,ej]+ ceF lej, ex]; =
+:el: [ei,ekkr [ej, ex]; =+ el e e, e el
Ci:=2:¢j:¢ { [el, k] ] D eg [ei, [ej,ekH_ i
+2: [ei, e, [ er] A [el, ]_ : el lej, ex]; =
+2:¢5: [ez, } [ J,ek] c4el [ez,ek}_ lej, ex]; =

+ 2 ej:ek {ei, [ej,ek}i} N
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The following identities hold:
0=a;+b;, (B.43)
Ai:2:(T<ek le, e]]>) [ex,el] : +: (T<[ } >) E

+7 (e ((P([eher] o)) - <D cicul) "))
i ((D([he] e) ) o)

+oel e (D ([ei eg],€™) er) em

wiey (s (5 (P ([ ) e > (P{Jeie’) en) b)) m)

vy (0([te] @) astia: ((Dlad].g)) @5 B
Bi—ai+2:¢ ek[ e ek” 41 (T ([0 o)) [

+2:(T<[63,ei],ek>) el =21 € e ((D (™, [eies]) s ex) em) =

+iegier (D fene]) em) = 2(D (ems [eine]) b)) em) i, (BAD)
Ci=2(reae ] | s aenfed] | s

treiet e [ede] | miess[enet] [¢le]

toiejieh [ei, [ej,ek]i}l ::) tiej (D<[ei,ek} ,ej>)_ek ::

ey <D<[ei,ek} ,ej>)_ej 4 (T<[ej,ei] ek>> [ek,e]}_ .. (B.46)

Proof. The first identity is easy. Indeed, by Courant algebroid axioms, (B.13|) and (B.34)),

i =y e en [,

So, by Jacobi identity for the Dorfman bracket and (B.41])),
a; =:€j:eg [[ei,ej]l ,ekL ey e [ej, [ei,ek}l} .
l
Using Courant algebroid axioms, (B.13|), (B.14)), (B.30), (B.31)), (B.32]) and (B.34)),

€j : e [[ei,ej]l,ek}l = —a; — 2b;.

o :
ek) e

Using Courant algebroid axioms, (B.13]), (B.14]), (B.32)) and (B.34]),

j k
ejeg [ej, [ei,e LL = —a; —b;.
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So we have that
a; +b; = =2 (a;i + by)
which gives (B.43)). For next identity, by Courant algebroid axioms, and (B.21]),
2l (Slenes])) = (Teh) (D{ [k ] es)ven) o =5 (T([Fei] ses) ) [, e
+é Ll (D <ek, [ei,ej]>> en = [ened]; (Ses) -,
eiej], (Sed) : =: (T <ek, [ei,ej]>) len,e] - — : (Te;) <D (e [es, ex]) ,ek> :
—5 e (D{[ehe] ) =g (S[ene])
ce; (S [ene],) : = (Tey) <D<[ek,ei] ,ej> ,ek> Lo (T<[ek,ez} ,ej>) le;, ex] :
g e (D(K e e])) ex st~ fen @], (Sep)

So using Courant algebroid axioms, (B.13)), (B.14)), (B.30) and (B.32)), we obtain (B.44]).
Now, by Jacobi identity for the Dorfman bracket and (B.41)),

[eia [ejaek:|:|+ = |:[6i,6j] 7ek]l + [[6ia6jj|li|i+ |:|:ei;€j]776k:|i+ [[eivej}, 76k:|+
+ [ek, [ei,e]”l + [ek7 [ei,ej]l}i—k [ek, [ei,ej]i]i+ [ek, [ei’ej]*}+’
lei, lejy exl,], = [leires], ex], + [ej, leis exly], -
By Courant algebroid axioms, (B.10)), (B.13)), (B.32]) and (B.33]),
el P [[ei,ej]l,ek]l = [ei,ej]z :eP lej ex); - 42 <T<[ek,ez} ,€j>) [ejyek]j:
+ref e ((D (™ [eiyej]) s ex) em) = -
By Courant algebroid axioms, and ,
el ief e, [esex))), = — el [ei,ek]i[ej,ek]l n =20 (T([e,ei] ,ex)) [ej,ek]iz
el e (D™, ei er])ej) em) o

By Courant algebroid axioms, (B.10), (B.13), (B.14), (B.20) and (B.32),

ej e “ei,ej]l,ek}z n=— [ei,ej]l ek lej,ex]; i 42 (T <ek, [ei,ej]>> lej, ex];

+:ieje <<D <ek, [ei,ej]> ,em> em> .
By Courant algebroid axioms, , and ,
tejeg [[ei,ej]i,ek}i e G [ej,ek}i w42 (T <ek, [ei,ej]>) [ej,ek}l :

—ejeg (<D <em, [ei,ejD ,ek> em> o
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By Courant algebroid axioms, (B.13)), (B.31), (B.32) and (B.34),

D e [ [ez,ek}l}i n=—:el: [ei,ek}l lej,ex]; o -
By Courant algebroid axioms, and -7
D ek [ [e,,ek}z}i n=—ej e er); [ej,ek}i n—=2: (T <ej, [ei,ek] >) [ej,ek]l :
+:ejieg <<D <em, {ei,ek}>,ej> em> v
At last, by Courant algebroid axioms and ,
ej e “ei,ej]_ ,ekL ttre; e [ej, [ei,ek}} =2:¢e;: ¢ [ J [6i76k1|:|

In summary, by Courant algebroid axioms, (B.13]) and -, we obtain (B.45)). Finally,
for the last identity, by Jacobi identity for the Dorfman bracket,

o) =l ]+ [fenel o]+ fenet] ]+ | o] |
By Courant algebroid axioms and ,

: [el, ej,ek c=: el [ei,ek}i lej, ex];

]
s ek [ e, el e } t=iejep :ej, [ei,ek}l}i ttejteg (D<[ei,ej] ,ek>)_ o8
[[ez, ]7 }_ n=iej ey _ej, [ei,ek}_} ::,
ej: e [ej, [ei,ek}_]l t=iej ey :[ei,ej]i ,ek}z i
By Courant algebroid axioms, and ,
ey [ei,ek}l[ej,ek]_:::— ek{ {ez,ek}l]_::.
Since using Jacobi identity for the Dorfman bracket, for being [ involutive,

[ lewseahi] = [[e?sen] ]+ [ens [/ e ],

by Courant algebroid axioms, (B.13) and (B.34),

+ +

ey fenet] [oer] n=eg et [[en]pie] et [en [ e |

+ e e [ek, [ej,eiH_ ntey e [ek, [ej,ei]_}
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So, we have arrived at the next identity.

Ci =2 ( [ear €] e lejrenly ey e [ {‘fﬂek}_]

+:ej e _[ei,ej]_,ek}zzz—l—:[ei,ej]l:ek [ej,ek]_::—i—:ej:ek[[ej,ek]i,ei]_

+ :ej: ek [ek, [ej,ei]z]i ey ek [ek, [ej,ei]_} e [ei,ek] [ej,ek}_

+ej: ek :ei, [ej,ek]_]l Tt e e (D<[ei,ej] ,ek>)7 ::> .

By Courant algebroid axioms and (B.31)),

Hen et legen] == legyendy e [en ] s 2 [ene] (T ([esrenl eh)) -
Now, by Courant algebroid axioms (B.10), and (B:32),
ewesly e [ en] == ey [en [ el )] 2 (T lenes])) [/ en]
At last, by Courant algebroid axioms, (B.10)), (B.13), (B.31) and (B.32),
cej e ([l en)roed] = e enly et [ened] = ek ies (D e, [efex]))_

-2 {ez, k}_ (T <ej, [ek,ej]>) D

In summary, by Courant algebroid axioms, ) and -, we obtain , which
concludes the proof of all the desired 1dent1tles ]

Remark B.5.14. Analogously, for each i € {1,...,n}, define
ati=e e e [ en];

bhi=iel s (D([ens €] es))pet =,

A= [ eg], (8€) i+ sy (S [ ]y) 4 [y (Seg) 42 ¢ (S[ehey] ).

Bli=i[ee)], ven el ] ities: [hel, | et] =
R | B U P OR
tied [ei,ek}i[ej,ek]l s [ e e, n

Cli=2:e i [e, [ei,ekLL AR

+2: [ei,ej]z : ek [ej,ek}_ nt [ei,ej]i ek [ej,ek]i :

+2:¢: [ei,ek} [ej,ek} ntej [ei,ek]i [ej,ek]f :

l
+2:¢ i e [ei, [ej,ek} ] .

177



Supersymmetric Vertex Algebras and Killing Spinors

Then, the following identities hold:
0=a'+10,
AT =2 (T (e, [, ])) [eres] 41 (T([ens €] se5) [ehoe]
T (26 ((Pleme] ) = (e [ ] ) o)
+:ej(<p<[e,€,e],e»> )7+
e ien ((D([ee] em) ) em)

Lo (: g (; (D ([ejuc] sex) ™) + (D ([ e5] .e™) ,ek>> e :> ;

+% vel s (D([ens ] eg)) et et (D] er] ) e
B =a'+2:¢ ek e el ex] L 4 (T ([esse] s e")) fenrel]
2: (T([ege] o)) [, e] =265 e ((Dem [, 6]) ek ) em)
e et (D (ers [ e])  e™) = < (€™, [ e5])en)) em) 2

o=z (elict e feha] ] stieict[[de] s
el e |eh, [ej,e‘]_} vl el en] _[ee ]

Z )+ e (D[ er] ;) b

@))€t (T ([eg ] o)) [en ]

—I—:ej:ek[ €j,¢e }
el

—2:ej:( <[e ek

B.6 Basic Linear Algebra: Jacobi’s Formula

Let M be an n-dimensional smooth manifold, and £ a Courant algebroid over M. We will
consider the differential algebra (Mat,, (C>°(M)), -, D), for which

'a4e(DAﬁ , for A= (Aﬁ]hleanmeﬁy

k=1
We have the following result that will be applied in Chapter [6] and Chapter
Lemma B.6.1. Given A € Mat,, (C*°(M)), the following identity holds:

Ddet A = tr (Adj(A4)" - DA) .
Proof. 1t is seen by induction on n € N, using basic properties from linear algebra. [

Remark B.6.2. The previous result is also true for the chiral de Rham complex Q%l if we
take the even derivation T' and the normally ordered product, using the canonical iden-
tification I'(STIE) = I'(E) for the elements 2T'f = Df with f € C*(M).
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Proof of Theorem 10.1.1

In this appendix, we give a complete proof of Theorem [10.1.1] which can be considered
the main result of Chapter In order to simplify computations, we will use the Einstein
summation convention for repeated indexes.

C.1 Generator of N =2 Supersymmetry

Let E be the complexification of a real Courant algebroid over M smooth manifold, for
which we can construct the chiral de Rham complex Q%l Now, fix E=1®l®C_ a
direct sum decomposition, with [,I C E isotropic n-dimensional subbundles, for which
the restriction (-,-)|¢, is non-degenerate, where Cy, =1 ® 1, and C_ = C+. Let

e BE—Cy, m:E—1, 717:E—>Z

be the orthogonal projections. When there is no possible confusion, we use the notation
(10.1). Fix a frame {e;, €; }?:1 C C satistying (6.28)). Define the associated odd sections

e; = e, ej:HEj, for j e {1,...,n}.
Remember that we work with parity-reversed sections by . We define
Iy: Cy — Oy
a — a —a;
Abusing notation, we write I Ila = I11a for a € Cy. Now, define

w =111, [€),¢5], = [ej,ej]l - [ej,ej]i e '(Icy).

Note that the following computations are also valid for (g, (-]-)) a complex quadratic Lie
algebras, replacing Q% by Vslflper(g) the universal superaffine vertex algebra of g with
non-zero level k € C by Theorem[9.1.11] So, the following results are written for arbitrary
level k # 0 to work for complex quadratic Lie algebras, but, for the chiral de Rham com-
plex, we always assume k = 2. Define the locally defined section

JO::%:ejej:. (C.1)
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Lemma C.1.1. Given a € I'(ILE), the following identities hold:

[apnJo] = % (: [a, '] ej : + 1€ [a,e5] 1) +i (xIpas + A [a,€7]] €;)) (C.2a)
[Jopa] = % (: [a, ej] ej:+: €l [a, e )
—((x+98) Liay + A+ T) {[a, €] ,e;)) - (C.2b)

Proof. The first identity follows directly by the non-commutative Wick formula, since

A
lan s elej:] =: [ane’] ej i + 1 e [ane;] : —I—/O dr [[aAej]Fej]

= [a,ej] ej i+ e [a, el +k (X (<a, ej>ej —(a, ej) ej) + )\<[a, ej] ,ej>)
=: [a,ej] ej i+ el la,ej] : +hxIiaq + k:)\<[a, ej] ,ej>,

[apJo] = % (: [a, '] ej : + 1€ [a,e5] 1) + i (XIrar + A{[a,e]| €;)) .
The other identity is obtained applying antisimmetry of the A-bracket. O

Define the locally defined sections

1 . . 1 .
Hy:= Z (: e; (Sej) i+ el (Sej) :) + 2 (: ej: ek [ej,ek] i
+:¢l ey [ej,ek} - e [ej,ek} el el e, ex] ::),
H = Hy + Zw, (C.3)

k

and
co :=3dim! € C.

Proposition C.1.2. One has

A
[Joado] = — <H/ + 3XCO> :

Proof. We start applying the non-commutative Wick formula using (C.2b)) to obtain

. . . A .
[JOA :elej :] =: [JOAeJ] ej:— € [Jonej] : —i—/ dr HJOAeJ]Fej]
0

=% (:: [ej,ek} e e+ et [e],ek} rejr—el: [ej,ek} e

e lepend ) in (e [ el = ([ ] o)
il (e fe)) s ({2 [

LA A
+ el (Sej) i+ (S€l) e :)—I—;/ dFIl+i/ dr (I + 13) .
0 0
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Here, we compute each integral independently using sesquilinearity, antisymmetry and
the non-commutative Wick formula. Indeed, we arrive at the following:

=l [l ] = fon [ o] el
o [ a0 e o)) ] = e [o 4] e 0,0 e
b e ¢ 4] e+ e e [ €] e >

i lesp et [een] i| = fesret] [ en] s o e [egp [ee]]
+/0Fd9 [[esret] )] = [es.e¥] a4 2 ey [ ]
k([ e5] = (e, [ef en]) ) + ke ([eset] [l en] )

[lani= [ [+ [Dal o]

= kX ([ 5], = [¢).e5] — [/, e5];) = =2k [¢, ¢5];,

Il

—

I2

=

and
Iy =[x +8)eres] = (=) ([¢,e;] + kn (el e;))
=n ([ej,ej} + kzxdiml) —kydim!l —x [ej,ej] ;
8= [r( [l o] = e [l ] = (o [ )

A A A

/ dl'ly : = / dr (I3 + I3) = X [¢/, e;] + kAx dim .
0 0

Then, we finally obtain that

1 ,
[JOAJ()] = 5 [J()A : ejej :]
1 A A .
= 2 (:: [eﬂ,ek] e e+ ek [617%] teji— el [ej,ek} ep

e e e =) — A (o]~ [ es])

GOl (el

+ el (Sej) i+ (Se)ej) + g)\ [ej,ej]i— %)\ [ej,ej] — Axdim!

k
= —% (:: [ej,ek] e e+ ek [ej,ek] tej— el [ej,ek} eg i
— e ek e, e ::) — % (e (Sej):+:(Sel)e; )

Lo (e [a)) s (T (R e] ) e ) - A
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Applying properties (B.14]), (B.15) and (B.27) we rewrite the above expression, since
: (Sej) €j:=:¢; (Sej) 4T [ej,ej] ;

—el [ej,ek} ep 1 =: el ek [ej,ek} =21 ¢l (T <ej, [ek ek}>> 5

i eP [ej,ek] tejr=iey eF [ej,ek} : —/-cT([e ej] + [e eJ]Z) ;
[ej,ek}ek:ej::—:ej:ek[e } +kT e e] T< [e ek]>>ej:,
SO
1 )
[Joado] = 2 (:: [e] k] epej i+ :ef [ej ek] rejr—el: [ej,ek] ey
— el eFej, e ::) - % (: el (Sej) : + - (Sej) ej:) — %Tw — Ax dim/,
A
(1 5).
as desired. ]

C.2 Neveu-Schwarz Generator from F-term Condition

Now, we assume that [ @ [ satisfies the F-term condition (6.26]).
Lemma C.2.1. The following identity is satisfied:

Hy = % (e (Se?) i + 1€l (Sej) )
1 . )
+ — 12 (2 ej ek [e],ek] ttejeg [e] ek]i el el lej, ex], ::) .

Proof. First, notice that applying (B.30)) we obtain that

tej ek [ej,ek] n=—cel: €j [ej,ek] n=: el €j [ek,ej] H

Then, using F-term condition, we have that

1 . ,
Hy = Z (e (S€7) : +: €7 (Sej) 1)

1 : . .

]€2 (2 ej e k[ej,ek] t—eje [e],ek}i::f:ej :ek[ej,ek]l ::).

Moreover, using and (B.32)), we obtain that
b e [ej,eql im i [enet] a5 —2ien (T (el [er,]))
(e fen ] Yem) s ene? 5 -2 en (T[] 8 :
—emren (e, [m ] ) ) -
b))

s e [e],e}
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Analogously, using (B.14), (B.31) and (B.32), we obtain that
¢ : e [ej,eﬂi H= [ej,eﬂz cened 54216 (T (e, [eget])) -
= ((em: [es ] )em) s e s 12067 (T (e, [ e )) -
— M (<[em,ej] ,ek> ek> :;
2 (o o)) 50 (o ) )

=:el 1 eF[ejen], it

So, we have obtained the required formula for Hy. O

Remark C.2.2. Notice that we can exchange [ and [ in the expression of Hy and H'.
Indeed, in both cases, we obtain the same local sections. So, in particular, the values of
[Honei] and [Hope'] (vespectively, [H'pe;] and [H'ze']) for i € {1,...,n} are dual. The
aim of our next result is to compute the values of the previous A-brackets.

We are ready to give the following result, for which we will need some of the properties
collected in Lemma [B.5.13]

Proposition C.2.3. For each i € {1,...,n}, the following identities hold:

=3 (2] ) )~ 0.
(el o) )l

+ :ej:eg [ e, el ,ek} +: ez,ej s ey [ej,ek}i
+:e5:e {el, el ek : +:é Hek,ei}_ ,6]-] ::)
% (X ejlei ] —2:¢; (S [ei,ej]_) : 42T [ej, [ei,ej]_}l
A( ej, [ei €] T [[ez,ej]_,ej} )> + (A + 2T + x9) 4, (C.4a)
=3 (e o (o[t )
= (PAlen D)) - ﬁ(ege[”ﬂ e,

+ el €k [ei, [ej,ek}L ttey ek [[ek,ei]_ ,ej}i ::)
+ % (X s el [ei,ej]_ i —2:¢l (S [ei,ej]_) +2T[ [e e]] L

+ A <[ej, [ei,ej]_}i—i- [[ei,ej]_ ,eﬂ)) + (A 42T 4 xS) €. (C.4Db)
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| >

([ es] e™) fens el = ([e7 5] s en) e, €i])
) e (0 o)
>)+Ax<[e e]] el>, (C.4c)
[H'se'] = [HOAe] (([¢se] s en) [ €Ty = ([, e5] ") [ens €'])
(e [Aal) ) (0[] )e)
+ D<e , [eﬁeﬂ)) Ax<[e e]] ei>. (C.4d)
Proof. By antisymmetry of the A-bracket, we have that

[H're;| = [Hopes) —

+5 (P (e

+ D<el, [

!
<]
f

[Hopei] = —[ei_n—vHo|, forie{l,...,n}.
Hence, fixed i € {1,...,n}, we need to compute

1 2
leinHol = sz + 13 Tw

for which we will use the expression for Hy in Lemma [C.2.1] We compute first
Ti = [ein (s (Se?) i+ el (Sej):)] = i+t
Applying the non-commutative Wick formula once on each summand, by sesquilinearity,
T = [ein e (Sef) ]
=: [es, 4], (Sej) tte (S [ei,ej]) DX e [e,-,ej] :
+ A (ke + [[ei e /] + D (eir [¢),65])) .
T}’Q D= [em e’ (Se]) ]
=: [ei,e]] (Sej) i+ : ¢ (Slei,ej]) + —x el les, e4], + +EkxSe;
+ A ([[ene’] e5] + D e [e.']))

where we have used the involutivity of [. Then,

Th =i [ei, ] (Sej) s+ ie; (S [enel] ) i€l s e" ((D{lesses] €} ex) en) =
21 (T fere))) fone’] s+ (T{[hre] . )) fernes]
+T<:e]~(<D<[ek,ei},ek>> <D<e les, ex]) ek>)
ce (p{[ete] ) ) )+ s (2 ew
i (s (3(P (el ) en) + (D[] e >>>
ey (] ) e (L] o)) o

+ x (kSe;— : e; [ei,ej] — el [es, ] D) 4+ A (ke + [[eis 5] e

1+ oo )
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Here, we have used Lemma Concretely, the identity . Next, we compute
T2 = [eiA (: e eg [ej,ek]i el ef lej,ex); = +2 et ek [ej,ek]_ ::)}
B SN e
Applying the non-commutative Wick formula twice on each summand,
T?’l D= [em tejieg [ej,ek]i ::}
=:[es, 4], : e [ej,ek}i e e, e, [ej,ek]z tteje [ei, [ej,ek}z} :
+kx:ej [ei,ej]l sk <2 [ej, [ei,ej]l]l +2 <D <ej, [ek,eiD ,ek> ej) ,
T§’2 D= {eiA el et lej, ex]; ::}
=: [6i,€j] :eP lej,ex]; =+ el [ei,ek] lej,ex]; =+ el . ek [ei, [ej,ekml 5
+2ky ;e lei, €], +EX (2 [ej, [ei,ej]ﬂi—{— [ek, {ei,ek}l]l
+ 2 <D < [ek,ei] ,ej> ,ek> el + <D < [ek,ei] ,ej> ,ek> ej> ,
T?’g P = {eiA tej ek [ej,ek]i ::}
=: [es, €5, : ek [ej,ek]_ tte [ei,ek} [ej,ek]_ tt e ek [ei, [ej,ek]_} i
+kx:ej [ei,ej]_ T ({ej, [ei,ej]_}l + [ej, [ei,ej]l]_> ,
where we have used the involutivity of [,/ and Courant algebroid axioms. Then,
T? =iej5: [ek,ej]l {ei,ek}l 44 (T([ej,ei] ,ek>) [ek,e]} :
+2: <T<[ej,ei] ,ek>) lex,ej]; = =2 el ek (D (€™, [ei, e;5]) , ex) em)
+:ejeg ((<D <ek, [ei,ej]> ,em> -2 <D <em, [ei,ej]> ,ek>> em) :
+ e (D<[ei,ek] ,ej>)_ek n—2e: <D<{ei,ek} ,ej>)_ej :
+2< D ey [ [ez,ek}_] tt+e : ek [ek, [ej ez] }_
+ €5 [ei,ek}i [ej,ek]_ ttey ek [ez, e’ ek )
—i—kx( ileied] 42 [enel,  + e [ez,ej]_
+ kA (2[ lei e5],], +2<D<e , ek, e >,e >e] + 2 [e; [ez,eJHZ
+ [en[ene] | +2(D{[e" e ves) en) @ (D([et] ) e

+ Jegs fene] ] + (e fewneil] )
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Here, we have used Lemma B.5.13] Concretely, the identities (B.45)) and (B.46). Now,
note that using and ( -,

kOy < T+ k2T2> = kSe;+ : ¢ [ei, e/] _
Analogously, using the Courant algebroid axioms,
kO (le + k‘QT2> = ke; + {ej, [ei,ej] _L — [ej, [ei,ej}_} -

+ ({D e lex ) o) +(D{[e" ] ) o)) e;
{5}

In summary, using (B.33] and the Courant algebroid axioms, we obtain that
[einHo) = le + kQTQ

(S + N et Koy fene] 1) <[ej, fene’) ]~ [esfene) ] _>
T (0[] )-s) ~ (Do) )
# (P ([e] r)e) ) + g (el (S5 sy (S[ene’]) )
;( [ el,ek]_] 4o e [[ene] ]

et e [ehe] | 4 e [eine] [ef e v

ik e [ela] | ).
Before continuing, using (B.14)) and (B.30)), notice that

¢ - e [ej, [ei,ek]_} s=reyren [[ene] et
oyt fen[ele] | nmiehie [[ek,ei]_ ,e]} .

_l’_

tej [ei,ek]i [ej,ek]_ = [ei,ej]_ t ek [ej,ek]i

So, using Courant algebroid axioms, that .S is an odd derivation for the normally ordered

product and , we arrive at . Now, by sesquilinearity and , we compute
[Twpe;] = =X [wpe;]
= A ([ es] ™ ey — (€] ) 7 1)
(P4 [l )es - (s [ ]
+ D (eis [l e5])) + M ([¢se5] s i) -
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So, we arrive at (C.4d). Since we can exchange the roles played by [ and [, it suffices to
check ((C.4a)) and (C.4c|), as we have done, to obtain (C.4b|) and (C.4d)). Now, note that

lej, €] = <€ka [€j7€i]> €k
[ ei] = (e, [, ei] ) en + (ens [, ) e 4 [ ei]
[e/,€'] = (ex, [, €']) €,
e ] = (5 [es ] Y e + (ens [eg, ) e + [eg €],

for i,j € {1,...,n}, which will be useful in the future. O

Remark C.2.4. If £ = (g,(-|-)) is a quadratic Lie algebra, for any a = a; +a; € DI,
2 .
[Hopai] = 2 (: ej e [[al,ej]_ ,ek}z i
+ e e “al,ej}i ,ek} Nt [al,ej}i :eg [ej,ek}

—|—:ej:ek [al, [ej,ek}_}l::—i—:ej:ek Hek,al} ,ej] ::>

+ lt: (X e;j [al, _1—2:¢j (S a, e’ _) +2T [ej, [al, ]_L
+)\<[ej,[al, ] } [al, ]] )) (A +2T + xS) a;,
2

l
+ el eF “az,ej]_,ek} S [ai,ej]_ e [ej,ek]_

+ﬁm4%hﬂu:+@mﬂmﬂ,ﬂ;>

[H'aai] = [Hoaal] + - [, w] = Ax (ar]w)
[ rag) = [Honar] + 7 [og,w] — M (ahw)

Now, define for each i,j € {1,...,n} the locally defined sections

Ri=3( (e [ha] )= (leal_[ee] ),
.= ) {0 ) - (0 ) ),
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Proposition C.2.5. One has

[H/AJ()] = (2A 42T + x95) (Jo — ;S; [ej,ej])

+ 2kTSDR—I— kQ)\jz;; (: Fi . eje; i — 1 Fyje ele ::)
_<T+ A)ZZ( [e ej ez}_:—i—:ei[[ejyej]_,ei}_).
7=11i=1

Proof. By the non-commutative Wick formula, it suffices to calculate

A
[H'y : e s] = [Hac| e 4 : ¢ [Hnei] : + / ar [[H'sé'] ]
0
=P+,
where [ is the third summand of the right-hand side in the first line. Firstly, we compute

A
I:=/ dN(I1 + Iz + I3 + 1),
0

where

are given by

i X i T i j (
4 ::E:‘fj[eﬁj]_:—:e](s[e’ej]—):
2

sre=g ([ el o [l el o] ) oo el
=\ '
D': =

Mx ([ e’] €'

A k j i
A [l (o0 ).
+<D <ek, [ez e]]>,ek>> ej + (<em, [ek,ek}><[e ,em] ,ej>
+ D<ek, [ez,e]]>,ek>7<D<e], {e ,e }>,ek>
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We proceed as follows. By antisymmetry of the A-bracket, we can write
Il = —87] [ei_F_vAi] = 87, [eir‘Ai]

1 2

= ?(If+lf+lf+116),

where, by the non-commutative Wick formula, the Courant algebroid axioms, (B.14)) and
(B.37),

(If —2I7) -

1=y feir (x5 ¢ [ehye] 3]

=kx [ej.¢7]_,
2:=9, [eip el (s [ei,ej}_) :}

= ke e]_—ie e [ehe] |,
L=y e el s e[l eg] e =]

=k (set [lehe]_e] s s | [ehe] el ).
I =0y e [eleg] v e [l e] ]

_ —2T<[ek,6]}_ , [ej,ek]_>,
L.—o, [ . [ o7, ] } }

—k(senfe o] | et fenlie] ] ).
5=, [ew ey et [[ene]_.e] :;}

— e |[he] o]

Combining the previous expressions, using the F-term conditions (in particular, Remark
6.3.15| that is equivalent to the weaker variant of the F-term condition (6.27))), then

I = T<[ek,e]~]_ , [ej,ek]> + (x +29) [ei,ej]i

bie [[ejjej]_ 7ek}_ Sk [[€j7ej}_ 764_ P ey [eﬂ" {ewek}_]l

Using now sesquilinearity, the non-commutative Wick formula and the Courant algebroid
axioms,

Iy = (A —27) <[ej, [ei,ej]_} ,ei> ,

Is=k(A—2v) (e, e;) +x [/, 5],
I, =0.
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In conclusion, we have arrived at the formula

1=t ([] L[eal) (el - aia e [ej,ekul;

+2)\S [ej,ej]_ + A:eg [[ej,ej]_ ,ek} SN eR [[ej,ej]_ ,ek}

Next, we compute
P:.=P+P+P;

in several steps, where
R I, SN,
Py :=:adlej:+:€la;,
Py:=:bej:+:€elb;
el RN U
Py:=:cej:+:€c,

and , ) .
= A0y [H’Aej] —Xel, cj = N0y [H'pej] — Aej,
Vi=A+2T+xS)el,  bj:=A+2T+xS)e;,
ol = [H'pel] =0 =, aj :=[H'pej] — bj —¢;.

First, we can compute directly

P :—%QJF%WJF%XJF%Y—%Z,
where
Q:=QI+Qy+ Q3+ Q)+ Qs
Wemiel[ehef] teii—ie e lene] i,
Xi=ie e [ene] | itic|[ene] e
ol e et |[ehe] @] e
Vi=id (T]epfene] | )it (0] [ehe] | e
Zi=iciey(Send] )utuel (S[ehe] ) e,
and




Appendix C. Proof of Theorem |10.1.1

Using Courant algebroid axioms, (B.13]), (B.14)), (B.20) and (B.29)), we obtain that

Qi :=uej:e” [ei, [ej,ek]_]i ce 4 el {ei, [ej,ek]_}

125 (T<[ej,ei]_, [ekek}>) e
Q142 <T<[ej,ei]_, [ekek}>> et

Q) : =: e €j: ek [ei, [ej,ek]_}l a4 el [ei, [ej,ek]_]l : ejei o

L2 <T<[ek,eﬂ, [ej,eq_>) i
= Qo +2:¢: (T<[ek,eﬂ_, [ej,ei]>> €

_ejie;
I J

Q5 = [ei,ej]_ s el [ej,ek]_ e 4el: [ej,ek]_ e [ei,ej]_
= Q3>

Q) :=uél: ek [[ei,ej]i ,ek} e 4el el e [[ei,ej]i ,ek}
= Q4>

QL:=u¢l ey [[ei,ej]i ,ek} e+l ieep [[ej,ei]i ,ek} BT
=: Q5.

So, applying Courant algebroid axioms and (B.22), we obtain that
R=Q1+0Q2+ Q3+ Qs+ Qs

14 ( e <T<[ej,ei]_, [ek,ek}_» e T <[ej,ej}_, [ek,ek}_» .

We will compute Q1,Q2, @3, Q4, Qs independently. First, by Courant algebroid axioms,
(B.16)), (B.28), (B.35)), (B.36[) and since T is an even derivation for the normally ordered
product, we obtain that

@ =k (+ (7 (eu [0 [ 1)) vy
L 72 (< k)] [ej,ek]_> - <[ea‘,ej]_, [ekek”)) .

Now, by Courant algebroid axioms, (B.14)), (B.15]), (B.16]), (B.20), (B.29), (B.35)), (B.36),

and since 7' is an even derivation for the normally ordered product, we obtain that

Qs =k : <T <ek, [ej, [ei,ei]_} >> ek €j.

Now, applying Courant algebroid axioms, (B.14)), (B.27), (B.28]) (B.35) and since T is
an even derivation for the normally ordered product, we obtain that

Qs — I <T2 <[ej’ek}_’ [ek’ej]> N <T<[ej7 [ei’ej]_i| ,ek>> ek e, :> .
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By the Courant algebroid axioms, (B.14]), (B.28]) and (B.35]), we obtain that

Qu=kT (: e” [[ei,ei]_,ek} —e |:|:€k,€j:|,€]€:|_ :) .

Finally, by the Courant algebroid axioms, (B.28)), (B.31]) and (B.35|), we obtain that

Qs = kT (: ek [[ei,ei]_ ,ek}_ :> :

In summary, by the Courant algebroid axioms and (B.13]), we obtain that

Q = 472 <[ej,ek]_, [ek,ej}_> 672 <[eﬂ',ej]_, [ek,ek}_>
v (0] 0] ] o)) e
Lor <: o [[ehe]_er] i+ien[lee] o] i [[ek,e]}_ ,ek] ;) .

We compute now the other terms. By the Courant algebroid axioms, (B.14) and (B.28)
W = —kT [ej,ej]i

Now, by the Courant algebroid axioms, (B.14}) and (B.20)),
X=2:¢ [ek, [ek,ej]_]i it et [[ei,ej]_ ,ej} i+ [[ei,ej]_ ,e]} € :
+ 2T <ej, [ek, [ej, ek]_]> .

Now, applying the Courant algebroid axioms, (B.23|) and since 7" is an even derivation
for the normally ordered product,

Y=T (: el [ej, [ei,ej]f]l :) + (T <ek, {ej, [ei,ej]i} >> ek e;:
+T2<[ej,ek], {ek,ej]_>.

At last, by the Courant algebroid axioms, (B.15]) and since T is an even derivation for the
normally ordered product,

P (: r [[ef,ei]_ ,ej] ;) +2TS [¢,¢;]

In conclusion, by the Courant algebroid axioms, we have arrived at

Py =T (25+x) [ej,¢/]_+T?R— AT<[€ 5] _ [ej’e’“]—>
T< [[ej,ej]i,ek} Tt ek[[e e _ ek}_:>
ri (el fe] e feete] v [(Ra] ] ).
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On the other hand, the calculation of P is immediate because S is an odd derivation
for the normally ordered product (so T' is an even derivation). Indeed, we have that

Py= 2\ +2T + xS) : ele; : .

To finish, we must compute the last term. We have that

A
where
Ar=—ce ([ ] e) - = ([ 5] e)) e sy
:= By + B} + By + B, + By + B + By + By — Bs — B,
and

By :=: <<D <ek, [ei,ejb ,ek> ej) e —:é ( D<ej, [ei,ek]> ,ek>ej> :
Bl :=:¢ <<D<{ek,el} ,ej> ,ek> ej) D <<D <ej, [ei,ek} > ,ek> ej) €,

By = (D(ew[e).c)])) :
(0o ] ) s (2o ) )
By =i (040 [y )+ (00

= (D(e [¢oes])) e

By: = ((D([¢", ez} ,ej> ex)el)
By i = ((D{[ene'] ) e ) es) e
B4zz:ei(<em, [e ek}><eﬂ me])e -):+:ei(<em, [e’f,ek}><ej,[em,ei]>ej):
(e ]y )
Byi= (e, e ex] ) ([elem] &) es) eis - ({7, [eF eu] ) ([ em] es) ) e
(o] el

By = e (e, [e,en] ) (¢, [emmed) ) -

By = ((em [ en] Y ([e'e™] ses) el ) e o
First, notice that clearly

A= - [6 e]]Jr
Now, by the Courant algebroid axioms, and -,

By =2T <D <ek, [ej,ej]> ,ek>.
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Analogously,
By = 2T (D (", [e5,¢'] ) ex).
Now, by the Courant algebroid axioms, (B.13), and (B:20),
By=2:¢ (D{ei, [¢),¢)]))rs +: ¢ (D{ei, [, ¢5])) s =27 (D en, [/, 5]) et
Analogously,
By = =2: (D(e, [/, e;])) eit =+ (D(el, [/, e5])) e 42T (D (8, [, ¢] ) ).

Now, by the Courant algebroid axioms, together with (B.10)), (B.13]), (B.14) and (B.20)),

By =: (D <ei, [ej,ej]»iei c— el {ei, [ek,ek}i} :.

Analogously,
By = (D (el [¢h [han] Jei
At last, by the Courant algebroid axioms, and ,
Bs =2T <D <ei, [ek,ek]> ,ei> +:ef [ei, [ek,ek}l} = (D <ei, [ek,ek} >>7ei .
Analogously,
=210 ) ) o [ Jr o (0 ),
Consequently, applying , we arrive at

Py = -2 [¢,e], = AT ([w,e'] ¢;)

A
+ = (: ek[ek,w]i:—i—: [ek,w}lek:—i—:ek lek,w]_ :+: [ek,w} e

e (CICH N YRR CICH T )
e (e [e]))+ (Pl ) )
(e [fal)) + (P [Ral])) e
veet ((D{[he] o)) @) st ((D(fene] &) )Y er)

In conclusion, we are ready to compute

A
[H'A : eiei :] = [H'Aei] e :+: el [H'Aei] : —I—/ dr’ [[H'Aei]rei]
0

=I+P+P+HP

194



Appendix C. Proof of Theorem |10.1.1

Indeed, using that 7' = S? we get the following
[H’A cele; :] = (2\+ 2T + xS5) (: ejej : =S [ej,ej]_>

1 (s [l e] e [l@e] e )

+ TR+ %V,

+: ((D o)) + (D [Ral)) e
¢ ({p ([ 4,@> ek> Vit ((D([ewe] ")) e

Now, we are going to apply Jacobi identity of Dorfman bracket to the brackets appearing
in the third line above. Using that [ and [ are involutive and Courant algebroid axioms,

[ eel] ==|[te] ]+ (P(E )
e, [0, 5] = [[em ] _ves] + (D{en [de5])) -
Using the Courant algebroid axioms, (B.13), (B.14), (B.19), (B.20) and Lemma [B.5.12]
T ( [0 o] ven] e [[e]_ ] )
1 (([[enet] €] ) + (e e e e )+ {[leh T ex] b)) e
(k] ver] s+ (b et ven) + (Jleseslet] ven)) - e

Here, notice that
([en [, e]] ) + ([ 7] sen] e ),

<D <ek, [ei, ej]> ,ek>
<D <ek, e, ej]> ,ek> = <[ek, e, ej]] ,ek> + <[[ei, e;] ,ek} ,ek> .
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As a consequence, we can prove using Courant algebroid axioms that

F,; = <Hek,ek] ,ez} ,ej> + <D <[ei,ej] ,ek> ,ek>. (C.6a)
FY = <Hek,ek] ,el} ,ej> + <D<[ei,ej} ,ek> ,ek>, (C.6b)
In conclusion, we have arrived at the desired formula, which concludes the proof. ]

C.3 Global Sections from Constant Determinant Atlas

Finally, we will find when the sections Jy and H' are global.
Lemma C.3.1. Let {fj, fi };L:l Cl®1 be a new isotropic frame, for which there exists

A= (A;?)

matrices for the change of coordinates, such that

n n

_B= <BJ’?> € Mat, (C*(M))

Jsk J.k=1

n

fi= ZA?G;C and I = ZB;-“ek, forje{l,...,n}.
k=1

k=1

In addition, suppose that the change of frames has constant determinant, that is,
Ddet A =0.
Then, we have that

n

Z L fif = Z eélej: and Z [fj,fj]_ :Z [ej,ej]_.
j=1 j=1 Jj=1

j=1
In conclusion, the sections (C.1)) and (C.3) are global if the change of frames has constant

determinant, and the same happens for the projection of [€;,¢€;] to C—.

Proof. This follows by a direct computation. Indeed, we can obtain that
: fjfj D= ejej D4 Bi (TA?) : and [fj,fj}i = [6]‘,6]-]7 +Bi (DA?)_,

by the Courant algebroid axioms, (B.10)), (B.13), (B.17)), (B.19)) (B.25) and (B.26]). Note

that the identity A~! = B is satisfied because our frames are isotropic. Now,

B (TAY) i=tr (: A1 (T4) ) and B] (DAY) = tr (47" DA),

so, since by Jacobi’s formula (see Appendix this coincides, respectively, with
Tdet A Ddet A

T].OgdetA = m and DlogdetA = m,
we obtain the identities since T'det A = D det A = 0 by hypothesis. So, as a consequence,
both Jy and H' are also global, since H' is the A-bracket between Jy by itself. O

Once we have done all these computations, we are ready to return to Section [10.1
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